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Abstract

The reaction of'szutyl hydroperoxide with metal
acetylacetonates in the preéence of l-octene has been
studied. It has been shown that some of the metals catalyze
the decomposition of t-butyl hydroperoxide and, in the presence
of oxygen, act with the peroxide to initiate the“autokidation
of l-octene.. Other metals are found to have.no effect upon
t-butyl hydroperoxide decompositiop‘but act in combinafioh
wifh the peroxide to initiate olefin autoxidatipn. A third
~group of metals initiated the decomposition of t-butyl hydro-
péroxide but were ineffective as initiators of the autoxida-
tion. Finally, some metals were observed to have no effect
either upon the peroxide decomposition or the autoxidation
of l-octene.

Chramium (III) acetylacetonate was found to initiate‘
the decomposition of t-butyl hydroperoxide and catalyze the
autoxidation of l-octene both in the peesence and_absenée of
peroxide. This metal was the only one studied that initiated
the autoxidation.in the absence of t-butyl hydroperokide.
Temperature and concentration effects on the kinetics of the
chromium (III) acetylaqetohate-initiated decomposition of
Efbufyl hydroperoxide and the chromium (III) acetylacetonate-
t-butyl hydroperoxide-induced autoxidation of l-octene have
been studied. Although the kinetics are complex, they fit a
multistép mechanistic scheme which is not fundamentally

different from that usually proposed for chain reactions.
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. The effect of usual free radical inhibitors on both
the'decomposition and the autoxidation has been invesgtigated.
Again, although complexities are evident, the data can be |
explained on the basis of fundamental free radical.inhibitor
theories. *

An interesting solvent effect on the autoxidation has
been observed in both aromatic and oxygen—containing'compounds.
These results have been explained in terms of the proposed
~ mechanism. Products of the autoxidation of l-octene initiated
by t-butyl hydroperoxide and chromium (III) acetylacetonate

have been identified and compared to other systems in which

olefins have been oxidized.
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I. Introduction

A. Autoxidations.--The autoxidation of an olefin pro-

ceeds by a self-perpetuating chain mechanism involving free
radicals.l As for any chain reaction, thefe are three main
processes involved: initiation, propagation, and termination.
(1) Initiation

a. Decomposition of free radical sources.--
In general, initiation may take place through the decomposi-
tion of an initiator (small amount of a substance capable of
producing free radicals under miid conditions) or in the
absence of initiator through some external energy source such
as light, heat, dr ionizing radiation, or a combination of
these.

The two major types of compounds used as initiators
are organic peroxides and azo-compounds. Pefoxides can be
destroyed in a variety of ways, including thermally,2 photo-
lytically,? and by metal catalysis.? The thermal decomposi-
tion of peroxides has received a good deal of attention? and
in many cases it has been shown that the decomposition is
itself a chain reaction. Decomposition can proceed by either
a unimolecular scission (Reaction 1) or at high peroxide
concentrations by a bimolecular reaction (Reéction 2).3

(1) ROOH —mm> RO* + °OH
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(2) 2 ROOH —————» RO+ + ROO: + H90
(3) RO+ + ROOH —>» ROO- + ROH
It is usﬁally suggested3 that the unimolecular reaction
involves 0-0 bond scission since this is by far the weakest
bond in the system (Dpy_op - 86 keal, Dgoo_y = 84 keal,
Dr_oog = 80 keal) .4 Although the simolecular reaction involves
breaking the O-H bond as well as steric problems not involved
in the unimolecular reaction, it may be shown‘5 that Reaction 2
is some 20 kcal/mole more exothermic than Reaction 1. |
Reaction 3 indicates induced decomposition of a hydroperoxide,
a step which must be considered part of the initiation process
in peroxide catalyzed chain reactions.

Among the more common peroxides aﬁd hydroperoxides
employed as free radical initiators are benzoyi peroxide,b
dist-butyl peroxide,® and t-butyl hydroperoxide.® In many
caseé the free radical produced in the decomposifion reaction
is not the sole initiating species. TFor example, the benzoyl
“peroxy radical decomposes readily to a phenyl radical and
carbon dioxide,7 while the r;butoxy radical may decompose to
acetone and a methyl radical.8

Since hydroperoxides are the primary infermediates or
end products in olefin autoxidatibns, it is very'often observed
that these reactions are autocatalytic since the hydroperoxide
formed also decomposes, sometimes morée rapidly than the one
used to initiate the reaction. This occurs when a pfimary or
secondary hydroperoxide is formed (i.e., RCH200H or RoCHOOH)

since these are in general less stable than tertiary hydro-

- d



peroxides.9

Azo-compounds (i.e., RN=NR) may be decomposed ther-
mally10 or photolytically11 to form nitrogen and two alkyl

radicals (Reaction 3). Two such compounds employed commonly

it andhazbbiséyclohexane

are azobisisobutyronitrile [AIBN (I)

l-carbonitrile [ABC (II)].12?

' " hv

(4) R-N=N-R ». 2 R° + N2
oraA : :

Figure 1: Some  Azo-compounds Used

e as Free Radical Initiators

A
CH ,~C-N=N-¢-CH
3 2H3 Sy

(I) AIBN S - (II)ABC

In an autoxidation system the initiatipg radical is
_generally a peroxy radical produced by the rapid interaction
of the radical produced in Reaction 4 with molecular oxygen12
(Reaction 5).
(5) R* + 0, =3 RO,

b. Initiation by application of an external
energy source.--Another way of initiating free radical chains
is by applying heat, light, or ionizing radiation. The |
latter two methods generally involve unimolecular decomposi-
tion of the substra‘!:e3 (RH) (Reaction 6).

(6)  RH ——A%R-+H'
On the other hand,'thermal initiation may involve a

substrate-oxygen interaction (Reaction 7).
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(7> . RH + 0, . ———> R+ + HOy"
The activation energy for Réaction 7 involves 30-45 kcal/mole .
while”simple scission of the R-H bond (Reaction 6) involves -
70-100 kcal/mole.3 Under photolytic conditions, the supply
of energy is usually in excess so that the unimolecular
reaction may take place readily (This is a more likely
initiation pathway in the case of gas-phase or high dilution
liquid phase systems).
Another reaction which has been proposed3 as a possible

initiation step in thermal autoxidations is Reaction §.
(8) 2 RH + 0, ———> 2 R* + Hy0y
‘The enthalpy of formation of hydrogen peroxide (137 kcal/mole)
is much greater than that of the hydroperoxy (HOO®') radical
(37 kéal/mole),13 so that for substrate molecules with C-H
bond strengths of less than 100 kcal/mole, the heat of reaction
for Raagtion 8 is less than for Reaction 7. However, the
termolecuTar reaction (Reaction 8) probably requires a much
more ordered transition state than the bimolecular reaction
(Reaction 7). The probability of a termolecular reaction
occurring is much less than a bimolecular one.. Consequently,
the entropy of activation for Reaction 8 should be much less
favorable than tﬁat of Reaction 7. |

‘ It may be shown'fhat, in general, the rate of oxygen
uptake (—d[02]/dt) under high (usually » 100 mm Hg) pressures
of oxygen is related to the initiation rate (R;) and the sub-
strate concentration ([RH]) as follows! (see Kinetics

Section, p. 76:
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_ 0.5.
(9)  -d[0,]/at = kR; '~ [RH]
where k = a complex composite rate constant. If Reaction 7
is the primary initiation process in an autoxidation then

Equation 9 becomes:

(10)  -df0,1/dt = X' [REI**® [0,10:5
whereas if Reaction 8 is important, Equation 9 becomes:
(11)  -d[0,1/dat = X" [RHI2 [0,10-5

3

The usual observation® is that thermal autoxidations obey
Equation 10. R

Another mode of initiation is via interaction with
metal ions.3 Although this usually involves metal-hydro-
peroxide reactions, initiation can be accomplished via a
direct reaction between the substrate»aﬁd the metal;3
followéd by subsequent reaction of metal and hydroperoxide
once the chain is started.

(12) RH + Mn*tl ———3 R+ + MR + H
or 0o
(13) RH + MR ————> RO + Ml + OH"

The metals involved are usually multivalent and
initiation in these systems involves oxidation-reduction
reactions. It has been shown in many casesl? that metal
catalysis is much more efficient in the presence of hydro-
peroxides. Metal-hydroperoxide interactions (Reactions 14
and 15) will be discussed.in more detail below (see p. 13).
(14) ROOH + MR ———3 RO* + OH- + MPHL
(15) ROOH + MR ———3 ROO:- + H* + MD-1

The catalytic activity of metals is in many instances con-

fined to very low concentrations and indeed some metals have
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been observed to inhibit autoxidations as their concentration-
is increased.3 Woodward and Mesrobian15 have observed that
the catalysis of the oxidation of tetralin by a cobalt salt-
tetralyl hydroperoxide system reaches a--constant value as
the metalwgoncentration is increased. These authors attribute
this effect to the attainment of a steady-atate concentration
of hydroperoxide (i.e., the rate of RO,H formation equal to
the rate of decomposition) which leads to a rate law which is
independent of cobalt concentration. An alternate explana-
tionl® involves the following chain terminating steps
(Reactions 16-18). _

(16)  RO,. + M0 ———s R¥ + Ml 4 o,
(17) RO,- + M' ——> RO~ + Ml
(18) RO + MR ———3 RO~ + MYl

Reactions 16-18 wouid require appreciable concentra-
tions of metal to compete with Reactions 12-15 sihce-thé
steady-state concentrations of the radicals are extremely
low (ca. 10~5 M).

Radical—métal complexes also have been postulated to
account for the reduced catalytic activity in certain sys-
tems.3 For example, it has been shown that the ferric
stearate and cobalt stearate initiated oxidations of saveral
hydrocarbons are retarded by the presence of copper stear-
ates.l? The fact that the retarded rate is that which is
observed with the copper salts alone suggests that a more
stable radical-metal complex is fbrmed with copper ions than

with ferric or cobalt ions (Reaction 19).
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(19) . Fe-R + Cu —_—> Cu-R + Fe

Chalk and Smithl6 héve observed that the catalytic
activity of somé metals is markedly affected by complexing
agents. These effects may be due to‘interference with the
formation of metal—substrate,.metal—hydropéroxideg or metal-
radical complexes or modification of the redox potential18 of
the metal so as to retard or accelerate Reactions 12-18.

In the present work1? we have attempted to ekplain the

metal acetylacetonate-t-butyl hydroperoxide-catalyzed autoxi-

‘ dation of l-octene in terms of some of the ideas discussed

above. It has béen observed that complexing, oxidation-
reduction reactions, and metal concentrations all have a
marked effect on the t-butyl hydroperoxideQéhromium (ITI)
acetylacetonate autoxidation of l-octene.

(2) Prépagation

The propagation steps of a chain reaction involve

~attack by a radical on a substrate molecule to produce a new

radical. This attack may either involve addition to a double-

" bond (Reaction 20) as is the case in many olefin autoxida-

tions1? or abstraction of a hydrogen atom (Reaction 21). 1In
the case of "non-polymerizable" olefins with readily available
allylic hydrogens, abstraction is almost always favored over
addition.

(20) R' + R',C=CR'; ——>  R',C-CR', (III)
Rl

(21) R + R'CH20H=CR'2 —_—> R'CHCH=CR'2 (Iv) + RH

Although the activation energies for Reactions 20
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and 21 are similaf,20 it will be noted that Radical III is
an alkyl radical whereas Radical IV is an allylic radical.
Therefore resonance stabilization is possible with Radical IV
which is not available to Radigﬁl III. Furthermore, the
steric effect in going from the 120° bond angle in the olefin
'to the 109° angle in Radical III is also unfavorable, while
a more favorable tfansition takes place in Reaction 21 as thé
tetfahedral arrangement}around the allylic carbon changes to
a trigonal one (see Figure 2).

Figure 2: Rearrangement of the Allylic

Carbon due to Hydrogen Abstraction

R\ ’R R ;R\ /R
A ’C = C\ ‘H ———— /’C,"-:.Q\ .
R ?\ , \C\

In both'cases a positive entropy change Would be
expected, since there is less order in the alkyl radical
(ITI) than in the olefin and less 6rder_around the allylic
carbon (see Figure 2) after abstraction than before. Since
addition does play a significant role in the autoxidation
of many olefins it might be expected that the entropy qhange
for Reaction 20 is more important than for Reaction 21.

Recently, Mayo et al.l? nave published some work in
which they have calculated the relative amounts of addition
and abstraction (Reactions 20 and 21 respectively) in the
propagation steps of a variety. of olefin autoxiéations. By
assuming that certain products arise from the addition reac-

tion and others from the abstraction, similar results are



observed here for l-octene.

. Although propagation in an autoxidation chain usually
involves peroxy radical attack on the substrate to form
hydroperoxide and an alkyl radical, with subsequent oxidafion
of the lafter (Reactions 22, 23),'K.U.QI_r1gold21 has shown
that for certain compounds, (e.g., l,4-cyclohexadiene and
9,10-dihydronaphtha1ene) the hydroperoxy radical (HOO®) is
the chain—cafryipg species (Reaction 24). |
(22). ROO- + RH — ROOH + R°

(23) R* + O2 EE— RO, -

2
(2u) + 0, — ‘ + HOO'_ .

Although Reactibn'zu is not a "true" propagation step it

does indicate a type of chain-transfer in which the chain-
carrying species is not derived from the substrate molecule.
In the autoxidation of l-octene initiated by chromium (IIT)
acetylacetonate and t-butyl hydroperoxide, the metal reacts
with the allylic hydroperoxide in a more rapid reaction than
with t-butyl hydroperoxide, thereby producing a chaih—carrying
radical (05H118§CH=CH2) which is not a peroxy radical (see
Kinetics Section, p. 36). Peroxy radicals; éspeciallykon a

M

tertiary carbon, ' may participate in non-terminating reactions

(25) in which new radicals are produced.
(25) 2 ROO* ———d> 2 RO* + O2
Again the chain-carrying species is converted from a peroxy

radical to an alkoxy radical.



-10-

The above discussion points out reactions which play
impoftant roles in the propagation steps of some autoxida-
tions and have a marked effect on‘the produet distribution.

(3) Termination

While propagation involves interaction of a radical
with e substrate to form a new radical, termination involves
interaction between two radicals to form an inactive product.
Another type of termination which involves oxidation or. reduc-
tion of the radical to a cation or an anion has been discussed
above (p. 6). In.geﬁeral, termination of awtoxidation
chains involves two peroxy radicals. Although in most sys-
\tems it is not possible to separate the pfopagation rate con-
stant from the termination rate constant, Howard and Ingold22
have recently reported the termination rate constants for a
number of olefin autoxidations obtained by the rotating sec-
tor method. These authors have observed that primary peroxy
radicals terminate faster than secondary which in turn
terminate faster than tertiary. Termination of the latter
type of peroxy radical has received considerable attention
in recent years.22’23a2” While primary end secendary radicals
terminate mainly by disproportionation, ice., hydrpgeh trans-
fer, this pathway is not apailable to tertiary radicals and
therefore it is of much interest to determine their exact
mode of termination. The intermediacy of a tetroxide (see
Figure 3) has been proposed by Russe1125 and confirmed by
. Howard and Ingold26 for the termination of secondary_pefoxy

radicals.
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Figure 3: Tetroxide Intermediate

in Pefdxy Radical Termination?2®
oo

_CH cm_b
No_o’ |

Attempts have been made23:27 o apply a similar mechanism
to. tertiary radical termination. However there are many
inconsistencies in the literature concerning tertiary radi-
cals. For example, Thomas?3 has shown that t-butyl peroxy’
radicals terminate with an activation energy of 10 kecal/mole
while cumyl peroxy radicals terminate with about zero activa-
tion energy. It is diffiéult to understand why there should
be such & large difference in activation energy between two
very similar reactions. However polar effects are known to
be impbrtantAin tértiafyAalkoxy radical reactions28 and it
is possible that the phenyl group & to the peroxy carbon in
the cumyl peroxy radical has an important influence in this
respect. Concerning the formation of a tetroxide in tertiary
pérbxy radical termination, Thomas has given some data which
can be used to calculate fgz\qytropy of activation for the
decomposition?of the tetroxide (Reaction 27) produced by
'E—butyl peroxy radicals (Reaction 26). - (k2 at 22° =

7
30 sec~1, Epp = ca. 0).

0—0
/
¢ Me
(26) 2 MegCO0. — ("Q,.c ’gL )y
o—o °0__0
, | A
(27) (‘(\C)s‘é CQW‘_; —— 2 Me3CO- + 02
’

!

R
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Although the entropy of activation for the deédmposition of
the complex into smaller products would Be-expected to have
a large positive value,?9 due to a high degree of order in
- the tetroxide, the data actually yield a high negative value
(ca. —60'cal/d¢g-mole). '

Since termination of peroxy radicals of any type
~generally produces oxygen, in those systems'where thé kinetic
chains are short ( & 10) the fatg of oxygen production becomes
comparable ( % 10%) to the rate of oxygen uptake. Tobolsky
" and Mesrobianl" have pointed out that under certéin conditions,
where fhe rate of hydroperoxide decompositions, and hence
oxygen production, becomes appreciable, a steady state rate
of autoxi&ation is attained. | .

Although disproportiénation is the primary mode of
peroxy radical termination, in those systems involving alkoxy
radicals as chain carriers coupling reactions (Reaction 28)
may play an important role.

(28) 2 RO* ——> ROOR
Although the 0~0 bond in the resulting peroxide is weak, no
bond-breaking is involved so that the activation‘enepgy for
Reaction 28 should be comparable to the disproportionation
reaction of the same radicals (Reaction 29).

'//O .
(29) 2 R',CHO ——> REG, * RaCHOH
Again it is noted that for tertiary alkoxy radicals the
same disproportionation is not available although reactions

such as Reaction 30 are possible.30
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(30) 2R289H2R — Rléc{);HR + RZS}CIHZR

[}
However, these radicals decompose under most conditions to

alkyl radicals and ketones.31
(4) Chain lengths.

The chain length of a free radical reaction is defined32
as the number of molecules of substrate consumed per radical
produced in the initiation process. The chain length may be
calculated by dividing the prppagafion rate by either the
rate of initiation or the rate of termination, since the
latter two quantities are equal in chain processes.

Two distinct chain processes, the autoxidation of
l-octene and the decomposition of t-butyl hydroperoxide;
afe observed in this study and hence two distinct chain
lengths have been estimated. Alternate definitions of chain

lengths?’ are discussed in Appendix IV (see p.159).

B. Metal-peroxide reactions.--The reaction of metal
ions and organo-metallic compounds with hydroperoxides is
well known.Z2,33,34,35. The susceptibilit§‘of peroxides to
oxidation—reducfion reactions36 facilitates electron transfer
reacfions especially with transition metals (Reactions 31, 32).
(31) MR+ ROOH —> MMl + Ro- + OH"
(32) Mn + ROOH —> M-l + RoO- + HY
The above reactions which have been extensively studied.
especially with hydrogen peroxide, 37 cumyl hydroperoxide, 38
and t-butyl hydroperoxide39 may be used to initiate a variety

of free radical reactions, such as polymerizations,”os
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epoxidations,®l decomposition of the peroxide,l+2 hydroxyla-
tions,u3 and autoxidationsl® (cf. Parf A of this secfion,
pp. 1-13). |

The presence of trace metals has been shown to be
‘pesponsible for many anomalies in peroxide deoompositions.l“‘t
These anomalies are found to vanish when the decompositions
are run in the presence of strong chelating agents (e.g.,
ethylenediamine tefraacetic acid, EDTA) Y% It has been
obserVed, however, that oomplexing‘of metal ions does not
always reduce their effectiveness in peroxide decompositions.
Indeed, in an extensive survey of the effect of complexing
agents on the catalytic efficiency of.metals, Chalk and
smith1® observed that some compounds had an éccelerating
effect, whilevothers had either a retarding effect or none
at all.

The effect of any complexing agent in metal-catalyzed
peroxide decomposition may be two-fold. If peroxide-metal
complexes'play‘ah importént role in initiating radical
formafionsga fhen 1igénds_which are strongly bonded with the
metal will retard the formation of such a complex and hence
the decomposition (Reaction 33). |
(33) M (L)n + m ROOH —> M (L)n_m (ROOH).m + mL
where M is a metal atom andlL is a ligand. If initiation
of the decomposifion depends on the oxidation-potential of
the metal (i.e., i f M + ROOH ~=——» radicals and ML +
ROOH —> no radicals) then modification of this potential

via complexing will have a marked effect on the reaction,18
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Large differences may be found in the mechanisms of
various metal-peroxide reactions as one changes the system.
For example, a series of metal acetylacetonates were reacted
with t-butyl hydroperoxide in a variety of reactions including
the polymerization of styrene,”5 the epoxidation of a series
of olefins,41 the decomposition of the hydroperoxide,l9 the
autoxidation of l-octene,l? and the autoxidation of the
acetylécetonates themselves.*6 The data for the various
Areactions are presented in Table I. Alfhough, in general,
the same metals are active or inactive in the Qarious sys-
tems, a different order of reactivity is observed as one
changes. the system. This work is described in this section
as it has already been published.l9 (see(Appendi% V)

Although many metal-peroxide reactions clearly in§olve
free radicals, several cases have been cited in the literature

47" 1t has been

in which polar intermediates are suggested.
shown't8 that the cobalt (II) acetate~induced decomposi-

tion of t-butyl hydroperoxide in acetic acid at 60° is
retarded by the presence of water, ; fact which indicates
‘inhibition via some sort of polar intermediate. It has also
been observedl® that the cobalt (II) acetylacetonate-cata-
lyzed decomposition of t-butyl hydroperoxide is retarded in
~glacial acetic acid. On the other hand, although Dean and
Skirrow"8 have observed that t-butyl hydroperoxide reacts
several hundred times faster with cobalt (III) acefate than

the cobalt (II) salt in glacial acetic acid, Richardson392

observed no reaction between the hydroperoxide and cobalt



Table I: Reactivities of Metal Acetylacetonates
in Several Reactions with t-Butyl Hydroperoxide

Metal Hydroperoxidea’b' Olefinb Styrene® Olefin® Chelated
- Decomposition Epoxidation Polymerization Autoxidation Autoxidation
Cr(III) ++ ++ ++(-) ++(-) ()
V(III) + ++ (-) n.d. Bk
Vo(II) + ++ (-) ++ n.d.
Co(III) o+ + ++(-) ++ +
Co(II) ++(-) + (- ++(-) ++
Cu(ID) + + ++ + +
Fe(ITII) (-) (=) + + ++
Mn(III) + + n.d. ++ , ++
Mn(II) + + (-) ++ n.d.
Ni(II) (-) (-) (- (-) ++
A1(ITII) () (-) (-) (- (-
TiO0(II) (- (-) (=) n.d. n.d.
Zn(II) (-) (-) (-) =) n.d.
Zr(IV) (-) (-) (-) (-) (-)

a This work (Ref. 19) ++ Very reactive

b Reference 41 + Reactive

c Reference u45 (-) Not reactive

d Reference 46 ++(-) Reactivity is concentration

: dependent

n.d. No data available
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(III) ethyienediamine tetpraacetate in 50% acetic acid and in
the present workld ohly a slow reaction was observed between
t-butyl hydroperoxide and cobalt (III) acetylacefonate'in
l-octene. The préceding discussion pbints up the importance
. of the ligand in metal-perokide reactions.
Striking color changes in many of these reactionsl®
indicate either ligand exchapge3ga’”9'or alteration in the
oxidation state of the metallB or the ligand.®®

The present study has dealt with the reaction between
t-butyl hydroperoxide and metal acetylacetonates.lg The
main part of this work however, has been concerned with the
kinetics and mechanism of the chromium (III) acetylacetonate-
t-butyl hydroperoxide reaction. Temperature and concentra-
tion studies have been used to elucidate the mechanism not
only of chromium (III) acetylacetonate disappearance and
peroxide decomposition, but also of the autoxidation of
l-octene, initiated by this metal-peroxide system. A detailed
discussion of the results of these studies is given in the
Kinetics Section (p. 36). In addition to the reactions
mentioned above, it has been shown that the chromium (III)
acetylacetonate-t-butyl hydroperoxide interaction wili cata-
lyze the autoxidation of substrates other than l-octene,
the polymerization of styreng,&5:the epoxidation of a variety
47b

of olefins,ul’47a and the oxidation of tertiary amines.

C. Solvent effects in free radical reactions.--

Although solvent effects in free radical reactions are not as
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marked as in heterolytic systems, there are many cases where
changes in product distribution and reaction rates are directly
attributabie to changes in solvent.5l

In many instances the effect is due to the formation
of a radical-solvent complex. Russeil52 has shown that the
distribution of alkyl chlorides in the chain chlorination of
2,3-dimethylbutane is solvent dependent; The chain steps in

the chlorination are as follows.

(34)  Cly —_— 2 C1-

(35)  cl+ + Me,CHCHMe, ——> MezQCHMgZ

(36) Cl- + .MeQCHCHMeQ ——> -CH,MeCHCHMe,

(37)  Me,CCHMe, + Clg —> Me,CClCHMe, + Ci:
(38) -CHoMeCHCHMep + 1y —> C1CH,MeCHCHMe, =+ Cl-

The ratio of tertiary hydrogen abstraction to primary hydro#
_gen abstraction is given by k35/k36, and thig ratio is in
turn given by the ratio of 2-chloro-2,3-dimethylbutane/
l-chloro-2,3-dimethylbutane in the products. After correctiﬁg
for the statistical factor (12 primary hydrogens/2 tertiary)
this ratio is ca. 3.6 in most aliphatic solvents and > 10

in most aromatic soivents, sulphur monochloride and carbon
disulphide. Russell®3 attributes this dramatic change to
stabilization of the chlorine atom via a radical-solvent

M ~complex in the case of the aromatic compounds (Reaction 39).

(39) C1* + [:::] & - CI

and a O -complexed radical in the case of the sulphur com-

pounds (Reactions 43, 41).
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(40)  Cl* + C1SSCL ¢ Cl,SsCl
(41)  Cl° + $§=C=§  g——> C1-5=C=S
A'sigma complex (Reaction 42) has been disco;ntedsg
for aromatic-chlorine atom systems since no addition or
substitution products arising from the chloro-phenyl radical
(I) are observed. | o
(b2)  c1t + ‘# "
' (I);

Furthermore the ability of a series of aromatic compounds to
increase .the selectivity of chlorine atoms cannot be correlated
with the susceptibility of the compounds towards addition of
phenyl radicals.

| On the other hand the formation of a W -complex would
be facilitated by electron-donating substituents and retarded
by electron-withdfawing substituents. Thus, Russell®3 has
shown that nitro-, carbonyl-, and halogen groups (with the
exception of iodine) decrease the selectivity of the chlorine
atom relative to benzene, while alkyl and ether groups
increése the selecfivity. In the case of iodobenzene, the
iodine atom acts much like the sulphur atoms in that there is
an expansion of the valence shell tq form a G'-complex

between the iodine atom and the chlorine atom (Reaction -43).

| Fa
(43) - Cl- + —

Bromine atoms as well as chlorine atoms are subject
to complexing effects. Thus Mayo and HardyS5 have observed

that the photobromination of toluene is retarded by the



-20-
presence of naphthalene. Although these authors have
attributed this effect to preferential attack on the'naph—
thalene, Huyser®® has shown fhat the intermediacy of either
a ¥ or G bromine-naphthalene complex in the propagation
sequence could be responsible for the observed effect.
Solvent effects have alsoibeen shown to affect alkoxy
and peroxy radical reactions. As far as alkoxy radicals are
concerned most recent investigations have been limited .to
tertiary systems. Tertiary alkoxy radicals can, under most
conditions, undergo one of two reactions: abstraction of a
hydrogen atom to form an alcohol or loss of an alkyl group
to form a ketone (Reactions uui, u45),.
(uy) RgCO. + R'H —— R,COH + R':

3
(45)  RgCO* ——> R, C=0 + R.

2

The "R"'gfoups are not necessarily identical. The ratio
kys/ky, is given by the ratio of ketone/alcohol mﬁltiplied
by the substrate concentration [R'H]. It was observed by
Russell®7 that the ratio of kq7/kqq (for t-butoxy radicals
derived from the thermal decomposition of di-t-butyl peroxide)
was solvent dependent. For example, while the ratio was
0.46-0.47 in aliphatic solvents it increased to % 0.55 in
aromatic systems. Although the change is small compared to

the chlorine-atom reactions, a similar intermediate (i.e., a

W ~complex) may be respon81b1e for the observed effect.®8

(46) |
Me3CO"- g:::? Me CO .

It is suggested58 that complexing may reduce the rate of
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hydrogen abstraction and therefore enhance fhe decomposition.
rate.

This is in part confirmed by. the observétionsg'that
aromatic solvents and carbon disulphide’increase the selectiv-
ity of the~£7bﬁtoxy radical in hydrpgen abstraction reactions.
Complexinghwith olefins hhs'aISO'béen observéd60 in reactions
using benzyldimethyl methoxy radicals from the corfesponding
hypochlorite (CgHgCH,C(Me),0:). The effect of this complexing
is the almost complete suppression of hydrogen abstraction '
relative to the decomposition of the radicgl to acetone and
a benzyl radical. It has been spggestedso that the olefin-
radical complex is of the chapge—transfef‘type (see Figure U4).
This suggestion is somewhat supported by the observation
that electron—withdrawipgfgroups near the double bond
apparently reduce the complexing ability of the olefin.

Figure 4: Charge Transfer Complex betweeﬂ Benzyl~

A8

Dimethyl Methoxy Radical and an Olefin

?HS CHy o
cBHs?ch-o. + \”/ >  CgHgC-0=o
CH,_ N\ CHyg

Although the effect of olefins on the reactions of
-benzyldimethyl methoxy radicalsAis quité dramatic there is
a much smaller effect on t-butoxy radicals. TFor example,
the rate of decomposition is 9-14 times the rate of hydrogen
abstpaction in the reaction of E—buty} hypochlorite with

cyclohexane in cis or trans dichloroethylene. However in
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Erichloro, trifluoro ethane, a saturated hydrocarbon, thé
" decomposition rate is 53 timés the_abstraction raté.28 It
"has been suggested that in the case of the benzyidiméthyl
methoxy radical, complexing might produce steric effects
which favor decomﬁosition over abstraction and furthermore.
may lower the activation energy requirement'of the decompo-
sition reaction but raise it in the case of the abstraction.6l
. However, the same aféuﬁents could be applied to thelszutoxy
radical thch clearly does not show the same effect as thé
benzyldimethyl methoxy radical. Any explanations for this
phenomenon must involve the benzyl group. One possible_
explanation is that the presence of the benzyl group helps to
stabilize the olefin-radical complex via resonance effects
and thus complex formation is much easier with the benzyl-
dimethyl methoxy radical than with the t-butoxy radical.
Alternatively, the formation of the benzyl radical in the
decomposigion of the former as opposed to the methyl radical
in the latter, would make decomposition of the benzyldimethyl
methoxy radical easier than the decomposition of the t-butoxy
radical. Hence anything that-would favor the decomposition
félative to abstraction would have a greater effect on
reactions of the formér'radical than on those of the latter.
It is observed that the decomposition/abstréction
ratios of t-butoxy radicals from different sources are séme-
what different using the same substrate. Thus kyg/k,, (see
p. 20) is 0.55 for t-butoxy radicals produced by the thermal

decomposition of di-t-butyl peroxide at 130057 whereas the
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same ratio is 1.26 for the Efbutbxy radical produced by the -
photodecomposition of t-butyl hypochlorite at 130662 (Both
cases using cyclohexane as the substrate in benzene). It
is suggested that the production of a more enepgetic radical,
i.e., an "excited" E-butbxy_radical in the photolysis is the
cause of the higher decomposition/abstraction ratio.

Reactions involving peroxy radicals are alsQ subject
to solvent effects. As wi?h the other radicals discussed
above, these effects are probably due to the formation of
radical-solvent complexes.53 As stated above (see Part A of
this section, p. lv), chain autoxidations consisf of three
“general steps: initiation, propagation, and termination.
The rate law for most autoxidatiops is given by:
(47) -d[0,1/dt = (kp/kt0'5) R;0-5 [RH]
: where kP and ki are the rate constants for the propagation
and termination steps respectively, R; is the rate of initia-
tion, and [RH] is the substfate concentration.

Since the rate of initiation is in many cases solvent
- independent or may be corrected for solvent effects, much of
the work done involves the effect of solvent on the propaga-
tion/termination ratio. It has been observed that for such
varied substrates as styrene,®4 cumene and cyclohexaneb5
(all iﬁitiated by AIBN at 60-65°) the ratio of the pfopaga—
tion/termination rate constants (kp/kto‘s) increases with
increasing solvent polarity.

Although the effects are small (A four-fold increase

is observed in going from decane to acetonitrile, using
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styrene as fhe substfate.), they are ciearly an effect of

the polarity of the solvent and there is appafehtly little

‘or no ?i-complexing, such as that observed with chlorine
‘atoms or alkoxy radicals. (There are only slight increases in
the ratio (kp/kto‘s) in going from no solvent to an aromatic
solvent.using cyclohexane as- a substréte and no effect qéing
styrene as a substrate).

Two explanations65 héve been offered for the observed
polar effect. The first of these involves the transition
state of the propagation step (see Figure 5).

Figure 5: Tfansition State for Hydrogen
Abstraction by a Peroxy Radical
o s+
-R'00--H--R

The formation of this polar transition state is
facilitated by the electrophilic.character of the peroxy
radiéal.66 Clearly, -solvation of this species would be most
extensive in polar solvents. Furthermore, in the same sol-
vent, solvation would increase with the ability of the sub-
strate to donate eleétrbns;- As an example, Hendry and
Russell65 have observed that the oxidation of cycloheptatriene
is affected much more by increasing the solvent polarity
(i.e., in going from chlorobenzene to nitromethane) than oxi-
dation of'cycloheptene, é poorer electron donor. However,
the same authors have observed that the oxidation of p-nitro
cumene is more affected by the same change in solvént than

that of cumene. Huyser57 has stated that this observation
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tends to negate the explanation of transition state solvation,
since cumene is a better electron donor thaﬂ p-nitro cumene.
By the same token, however, the p-nitrocumyl radical ié more
’électrophilic than the cumyl radical. Since the polarity
of the transition state and hence the.degree of solvatidn,
depends not only on the electron donor ability of the sub-
strate but on the electrophilicity of the peroxy radical, the
above resﬁlts are not at all inconsistent with transition
state solvation.
Aﬁ alternate explanation offered by Hendry and Russel165

sugge%ts that the ground state of the peroxy radical has some
polar character due té the following type of resonance.

Figure 6: Resonance Structures for the Peroxy Radical

0" LN ) o P brd
R-0-0 &—> R-0- 95

e

If termination of peroxy radicals involves the for-
mation of a non-polar intermediate (e.g., a tetrqxide25)
then there will be little solvation of the termination
transition state. Furthermore energy will be required to
desolvate the radicals if there is a good deal of polar
character involved. Assuming the amount of desolvation
required for both the propagation and the termination pro-
cesses to be about the same, there will be a greater effect
on fhe activation energy of the latter, since termination

_generally requires a much smaller activation energy than

propagation. Therefore increasing the polarity of the sol-

vent decreases the termination rate more than the propagatibn
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rate and hence increases the overall rate of autoxidation.
It should be—ﬁoted that for some tertiary peroxy radicals
activation energies of tefmination.greater than.lO kcal have
been observgd.46 Since activation energies of propagation
are not usually greater than about 8 kcal,68 the arguments
.given above are not applicable to these tertiary systems.

Complexing of carbon radicals has also been suggested.
For example, Mayosg has observed a decrease in the degree of
styrene polymerization by running the reaction in bromo-
benzene. Although retardation of polymerizations have been
Qbserved70 in the presence of aromatic solvents, these are
usually'due to involvement of the‘solvent as a reactant and
the subsequent incorporation of solvent molecules in the
polymer. In the styrene-bromobehzene case, however, no
solvent was observed in the.product. It was therefore sug-
.gestedsg that the polymer chain might be terminatéd by
hydrogen transfer to a solvent molecule which then initiated
a new chain by hydrogen transfer to a monomer (Reactions 48,
49). B ~Br
(48) NCH,éHC,,H; + —_— ~cu=cuc¢\\5+

R
H

‘ 8'- B\' .
(49) ' + enzciblly —3 @ y OGN
A

H

As an alternative, a radical-solvent complex was
spggestedsg which then terminated the chain via a transfer

reaction (Reactions 50, 51).



~27-

(51) ~CHCH cH 20“35“5 —_— Cil=¢H *c“zc“ )
s "' % + ~CHy= & Y

Indictor and L.:'Lnder’“'5 have investigated the polymeri-
zation of styrene initiated by metal acetylacetonates and
i—butYl hydroperoxide in order to contrast various metals
in the initiating system. It would be of interest to study
this reaction in terms of a solvent effect té ascertain tﬁe
importance, if any, of a radicai—solvent complex. However,
any such investigation must take into account the possibility
of sol?ent;hydroperoxide interactions.’1l

Aside from the example of Mayo.given‘above, complexing
of carbon radicals is relatively uncommon. Martin arad
Gleicher’?2 have‘spggested complex formation in the reactions
of trichloromethyl radicals and the ratio of éoupling/dis-
proportionation of photolytically produced methyl and ethyl
radicals’3 appears to be solvent dependent. This latter
observation has been spggested73 to be a consequence of "cage"
effects (i.e., the recombination of radicals within solvent
"cages")74 rather than solvent-radical complexing. It is
perhaps significant that most cases in which radical-solvent
- complexing is postulated involve electrophilic radicals,

i.e., chlorine atoms, alkoxy radical, peroxy radicals, aﬁd

among the few carbon radical cases, the trichloromethyl
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radical. The situation clearly calls for an invéstigation
in which the effect of a particular solvent is studied as a
function of the electrophilicity of the radical.

Although all of fhe.abovevdiscussion,is concerned
with solvent effects on fadical—substrate dr pvadical-radical
reactions, a few cases have been observed in which the radi-
- cal-forming reaction is affected by the solvent. As noted
- in Part A of this section (p.1 ), the primary sources of
radicals are peroxides and azo—compounds. Most observgd
solvent effects on peroxide decdmposifioﬁS‘involve peroxide-
solvent interactions in which the'éolvent is actually a
reactant and therefore these are not true solvent effects in
the sense that they have been discusSea thus far.’®

On the other hand, polar solvents have been observed
to have a marked effect on the decomposition of azo-compounds.
Many of these effects involve selective solvation of either
the ground state or thé transition state and thus héve a.
large effect on the activation parameteré75 (i.e., & H* and
A S*).

The autoxidation of l-octene in the presence of
chromium (III) acetylacetonate and t-butyl hydroperoxide also
exhibits a marked solvent effect. Experiments were done on
the autoxidation, the disappearance of chromium (III) acetyl-
acetonate and the decomposition of t-butyl hydfoperoxide in
a variety of solvents (see Table: VI ). The results of
these experiments are discussed and interpreted according to

some of the ideas described above (see p. 93).
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D. Inhibition of Free Radical Reactions.--The

inhibition of free radical reactions, particularly autoxi-
dations, has received a good deal of attention.’7>78 The
“usual compounds used as inhibitofs are phenols, aromatic
~amines, and aromatic nitro compounds. Inhibition involves
interaction of the growing éhain (in the case of polymeri-
'zatian) or the chain-carrying radical (e.g., the peroxy
radical in. autoxidations) with an inhibitor molecule to pro-
duce a more stable radical. This latter species, because -of
its longer life-time, may interact with another radical to
terminate the chain before it reacts with the substrate in a
propagation step. The relevant reactions for inhibition of
an autoxidation are given below: |
(52)  ROO. + éGHSOH ———> ROOH + CgHO-
(53)' 2 CgHgO:- —_— inactive products

The inhibitor radicals generally owe their greater
.stability to resonance (see Figure 7) and therefore phenols
and aromatic amines méké excellent inhibitors.

Figure 7: Resonance Structures of Some Inhibitor Radicals

D* 0 0 0
b L~ >
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Although Reaction 53 indicates termination between.
two phenoxy radicals, often termination occurs between a
chain-carrying radical and an inhibitor radical (Reaction 5k).
(54)  ROO* + CgHg0O. ——>  inactive products
In this case it is observed that one iﬁhibitor molecule has
stopped two chains. The number of chains stopped per inhibi-
tor mblecule is called the stoichiometric facfor (n) (ef.
Inhibifor Section, p.1l12). Stoichiometric factors for a
large number of inhibitors.in a variety of reactions have
been determined.’9>80 For many phenols and amines it is
observed that n = 2.

Although inhibition usually involves the propagation
step of a chain reaction, inhibition of the initiation pro-
cess is also pqssibie. This type of inhibition may involve
complex formation with the initiator (in many cases a metal)gl
which retards radical formation. For this type of inhibition,
knowh chelating agents havé been shown to be very useful.

In other systems direct reaction of the initiator with an
additive (e.g., the reaction of phenol and di-t-butyl
perbxide)82 can inhibit the reaction.

The structure of the inhibifor often plays an impor-
tant role in determining the efficiency of the inhibition.

For example, bulky substituents ortho to the OH group in
phenC1s or the amino group in anilines can retérd inhibi-
tion.83 This retardation may either be via steric inter-
ferencé with hydrogen abstraction83d or with the proper

orbital alignment for resonance. 84
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On the other hand, it has been shown8% that phenoxy
radicals, which are unsubstituted in the 2,6 positions can
react with hydrdperoxides to form peroxy radicals (i.e., the
reverse of Reaction 52). Clearly, this type of reaction
reduces the efficieney of the inhibitor particuiarly in
those reactions which are initiated by hydroperoxides.

Sincé the efficiency of an inhibitor depends primarily
on the ease of hydrogen abstraction, many attempts hdve been
made to correlate tﬁe efficiency with'such properties as
oxidation potentials,86 the 0-H stretching frequency from
infra-red spectra,B6 and resonance energies of the inhibitoru
radicals. from molecular orbital calculations.85

As was mentioned above the stoichiometric factor
for many inhibitor molecules is 2. However, variation from
this value is known.’9,80 If the products of Reactions 53
or 54 are themselves good inhibitors (e.g., quinones or
hydroquinones) then n will be greater than 2. dn the other
hand, if the inhibitor radical is extremely stable, it may
be inert to further attack by a chain—carrying radical.
Inhibition of the initiation step via complexing can léad‘to
fractional values of n, if several molecuies of inhibitor
are required to complex with the initiator.

A variety of known free radical inhibitors and other
compounds including known complexing agents were inveétigated
in the chromium (III) acetylacetonate-t-butyl hydroperoxide-
initiated autoxidation of l-octene. These same compounds

were used in the chromium (III) acetylacetonaté—catalyzed
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decomposition éf Efbutylzhydropergkide. The results obtained
are set forth and diécussed inkerms of the foregoing ideas

(see Inhibitor Section, p.112 ). |

- Finally, although metals ére often used as free

radical initiators (cf. p. 5), it has been observed fhat some
metals may act as inhibitors.l6 The general mechanism for
this inhibition is via oxidation or reduction of free radicals
to ionic species, therefore essentially, terminating the
chain (Reaétions 55, 56). | ]

(55) MM + R- —> w1 4+ gt

(s6) MM + R — w1 4 gy

| Alternatively, the presence of one metal may often
interfere with complex formation of another and therefore
retard the rate of radical formation.l’ Although the rate
of autoxidation of l-octene initiated by chromium. (III) acetyl-
acetonate and t-butyl hydroperoxide is proportionél to the
metal concentration at low concentrations ( £ 1073 M), at
higher concentrafions ( > 10-2 M) the rate is observed to

decrease.

E. Products of Autoxidations, Metal-Peroxide Reactions,

and Peroxide-0lefin Reactions.--

.

(1) Autoxidations
The primary products of most autoxidations are hydro-
peroxides.87 However, other oxygenated compounds derived
either from the hydropéeroxide or via side reactions of the
ﬁeroiy radiéal (e.g., decomposition, addition to a double

bond, etc.) are also observed. In general, in those systems
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where chainAlepgths (see’p. 13) are large, produgts resulting
from termination processes are small compared to those formed
in the propagation step.88 Among these other products are
carbonyl comﬁounds, alcohols, epoxides, ethers, and poly-
peroxides.

Much work has been done on the products of autoxida- -
tion.87 Some of the most comprehensive data have been

obtained recently by Mayo et a1.12

- An indication of the type
of products and relative yields for the autoxidation of
l-hexene initiated by 1,1'-azobiscyclohexane-l-carbonitrile
(at 90°) is given in Table XII. A comparison of the products
obtained in this work and by Mayo et al. is given in Tables
XII and XV.
(2) Metal-Peroxide Reactions

Since metal-induced peroxide decompositions usually
involve 0-0 bond scission,3“ the products obtained reflect
the intermediacy of alkoxy radicals. With hydroperoxides,
abstraction of the peroxidic hydrogen is usually the primary
'propagation step in induced decompositions, and therefore
alcohols are a major product of the reaction. Peroxy radif
cals, resulting from the abstraction of thé'peroxidic hydro-
~gen, usually react with each other or with a parént molecule
to produce alkoxy radicals and oxygen, which is usually the |
other major product ofbperdxide decompo;;itions.89 Peroxy
~radicais or alkoxy radicals may tefminaterto.form dialkyl

 peroxides. However, again it should be noted that in chain

decompositions, where the chains are long, products produced



-3
in the termination step are negligible compared to those pro—
duced in the propagation step.sg Thus the major products of
the thermal decomposition of t-butyl hydroperoxide are
t-butanol and oxygen. |

In some cases, the'alkoxylradical, particularly

fertiary alkoxy radicals, decompose to form carbon}l compounds
and simplef radicals. In the case of acyl or aroyl peroxides,

carbon dioxide is obtained (Reactions 57, 58)

(57)  R-C_  JCc-R —_— 2 R-c7
0-0 0
20 :
(58)  R-C — R + CO,
Oo

In the presence of olefins, the reaction.products
are generally oxidation products of the 6lefin.2 For
example, Kharasch and Fono?0 have investigated a number of
metal-catalyzed olefin-hydroperoxide reactions and generally
have obtained dialkyl peroxides and carbonyl compounds
derived from the olefin. Due to the similarity of the work
of these authors and our own system, it was of interest to
compare the products obtained in both cases. This is done
in Table XIV.

(3) Peroxide-Olefin Reactions

Even in the absence of metals, hydroperoxides are -
known to undergo reactions with olefins. The products of
these reactions are generally dialkyl peroxides or epoxides

arising'frbm the olefin. - Brill and Indictor?l have investi-
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gated the reaction of t-butyl hydroperoxide aﬁd a variety
of olefins under varying conditions. These authors observed
that epoxide yields from these reactions are dependent on
olefin structure (l-olefins give lowest epoxide yields).
Olefins and hydroperoxides are also known to unde?go reaction
in the presence of acid catalysts92 and organic hypo-
chlorites.92

Peroﬁidic compounds other than hydroperoxides also
are known to react with olefins. The reacfion of peracids
with olefins.yields epoxidés and glycol esters, 93 although
Hawkins93 has pointed out that occasionally carbonyl compounds
‘and acetals are produced. However, it is possible that these
are secondary products arising from further reactions of the
epoxides or glycol esters.

The decomposition of peroxides in the presenée of
polymerizable olefins usually results in'polymerization.gu
On the other hand, with non—pblymerizable olefins, products
arising from addition to the double bond or abstraction.of
allylic hydrogens are observed. - Thus the decomposition of
dibenzoyl peroxide in cyclohexenelproduces mainly cyclohexyl
benzoate (an addition product)® While the reaction of
phthéloyl peroxide with the same olefin yields products
arising from allylic attack (i.e., cyclohex-2-enyl hydrogen

phthalate and phthalic acid.95



II. Results and Discussion
i. Kinetics and Temperature Effects:

A. Introductidn.——If chromium (III) acetylacetonate,

t-butyl hydroperoxide, and l-octene are mixed together in:
the presence of oxygen, several chemical‘trahsformations
occur. An oxidation-reduction reaction occurs between the
chromium (III) acetylacetonate and E—butyl hydfoperoxide to
produce free radicals Which initiate chain decomposition of
the pefoxide: In the presence of oxygen, the olefin is
autoxidized, also by a chain process. The purpose of this
study was to determine the mechanisms of these transforma-
tions. Part of this study involves an investigation of the
kinetics of the chromium (III) acetylacetonate disappearance,
peroxide decomposition and autoxidation under §arious tempera-
ture and concentration conditions. This seétion deals with
this investigation and its mechanistic implications.

w

B. The Disappearance of Chromium (III) Acetylacetonate.--

The rate law for the disappearance of chromium (III) acetyl-
‘acetonate in the absence of oxygen is given in Equation 59
where Cr = chromium (III) acetylacetonate.

(59)  -alcrl/at ee [Crl;® [£-BuOOHI P [CgHygl ©

—_—

The values of a, b, and c are temperature dependent, and c is
‘also dependent on the concentration of l-octene at 30° (see

Figures 8, 9, 10 and Table II). At -1.0°, a = 1.0, while at
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Table II: Rate Equations Under Various Concentration and
Temperature Conditions
[Crly* [t-BuOOHly [1-Octenely Temp. k x 10% a b. ¢
x 104 M M M °C
A. - alcr] '
Tat = k[Crly® [t-BuOOH] P [1-0ctene] ©
4.0-16.0 = 0.8 2.56 -1.0 0.0005 1.0 n%% n
4.0 0.8 0.6 30 0.067 n n 0.0
0.8-8.0 0.005-0.8 0.6-2.6 " 0.072 1.0 0.52 1
0.6-4.0 0.1-0.8 " 40 0.282 1.4 0.13- 0.0
" n " 50 1.12 1.7 " "
B. - a[t-BuOOH] = k[Cr],® [E—BuOOH]Ob [1-Octenel ©
AT 0
4.0  0.005-0.8 2.6 30, 1.5 n 1b4 n
0.9-4.0  0.8-1.6 0.13-2.6 n 50.1 0.49 1.0 0.0
0.6-4.0 0.1-8.0 0-2.6 40 138 0.71 2.9 0.0
no n n 50 1407 0.50 2.3 0.0
C. -A[0,] = k[Cf]Oa [E—BuOOH]Ob [l—Octenelog
at 0
4.0 .09-0.8 2.6 2 6.03 n -0.7 n
4.0-12.0 .0004-.02 0113-4.5 30 40.1 0.85 0.49 0.23
4.0 0.8 0.07-2.6 " 14p n n 0.93
0.8-8.0 0.1-0.8 2.6 " 41,3 1.1 0.0 0.26
4.0 0.1-4.5 0.13 " 22,5  n -0.2 n
0.8-8.0 0.0 2.6-6.0 " .049 0.45 - 1.57
4.0  0.02-0.09 2.6 4O u2.u n 0.16 n
0.8-4.0 0.8 " " 97,0 1.0 n n



T
Table II (continued)

[Crls* [t-BuOOHl, [1-Octenel, Temp. k x 10" a b c
x 10% M M M °C
C. -a[02] = x[cr] ® [t-BuOOH] P [1-Octene] ©

Tt o 0 0

. 0 . ]

B0 0.8  0.07-0.26 40 214 n n 0.95

" ’ " ' " 50 324 n n 0.76
2.0-4.0 0.1-0.8 2.6 " 180 1.1 0.51 n

4.0 " " 59 326 n 0.77 n

(@]
53
u

Chromium (III) Acetylacetonate

sk n

no data “ ¢
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50°, a = 1.7. An attempt was made to measure b and ¢ at
-1.0°, bﬁt no reliéble results were obtained because of the
low faté of reaction under these conditions. However, the
value of b varies from 0;5 at 30° to 0.13 at 50°, and c
varies from 0.0 - 1.0 at 30° to zero at 506. Below 0.6 M
l-octene, ¢ = 0 at 30° and only increases to about 1.0 at
higher concentrations. The.data cleariy indicate that

the rate law for the disappearance of chromium (III) acetyl-
acetonate involves a multi-tepm_ppgcess. The following
mechanism, similar to that suggested for the :cobalt (II)
catalyzed decomposition of t-butyl hydroperoxide,3sa and
consistent with the observed data, is proposed.

(60). Cr(III) + VIrBu06H - &—> Complex I

(61) - Complex I —>  Cr(III +M) + M t-Bu0* + AMOH™
(62) Cr(III + A ) + Cr(III) ———> - Cr(VI) + Cr(Mm)
(63)  Cr(III) + MACgHyjg g—=> Complex II

(64) Complex II + xZ —>  Cr(III +pM) + 2!
where Z is any reactive species in the system (e.g., a
radical or oxygen) .and.Z' represents a species derived from
Z and olefin. From the above schemé, the rate equation for

the .disappearance of chromium (III) acetylacetonate becomes:

- (65) -d[Crl/dt = kgylComplex I] + kg [Cr(III)I[Cr(III +M )]
+ kgulComplex III[Z1¥
(68)  -d[Crl/dt = kgrkgg

[Cr(III)][EfBuOOva +
k_80
kgolCr(III) J[Cr(III +tM)] o+

keuke3 p 3
—EFgg— [CP(III)]fchle] [Z]%
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- Equation 66 prediéts that the rate of chromium (III) acetyl-
acetonate disappearance should be between first and second
order in chromium'(III) acetylacetonate, between 0 and ¥ th
order in t-butyl hydroperoxide and between 0 and A th order
in olefin. Réaction 60 involves complex formation between a
chromium- (ITI) écetylaceténate molecule and V t-butyl
. hydroperoxide molecules. From a study of t-butyl hydro-
peroxide decomposition using vefy small amounts (£ .06 M)
of peroxide (so that decomposition is primarily via Reaction
60), a value of V= 4 is indicated. It is observed,.however:
that the value of b (see Table‘II) is never more than 0.5-
0.6, even when relatively‘high>('» 1.5 M) concentrationé of
E—butyl hydroperoxide are used. This indicates one of two
things. Either the first term on the right in Equation'GG
is very much smaller than the other two or Cr(iII) is
oxidized by just one molecule of t-butyl hydroperoxide even
though it complexes with V molecules (i.e., a one—eleétron
transfer). Therefore Equation 60 might be written as a multi-
step reaction in which Cr(III) is oxidized in one of the ,
steps by one molecule of t-butyl hydroperoxide}
(60a) .Cr(III’ + 3 t~BuOOH —= Cr(III)(E;BuOOH)3
| . = Complex III

(60b) Complex ITII + E;BuOOH} > Cr(IV)(EfBuOOH)3

| + OH- + +t-BuO-
In the first step, three t-butyl hydroperoxide molecules
replace three of the chromium-acetylacetonate bonds (see

Figure 11). In the second step a fourth molecule is reduced
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by reaction with Complex III. If kgqo, ) Kkggps then 60b is
the rate determiniﬁg step of the sequence. Furthermore, if
the complexed t-butyl hydroperoxide mOlecules are non-
titratable (and essentially "destroyed" thérefére), then the
rate of t-butyl hydroperoxide decomposition for this process
becomesﬁj

(87) -d[t-BuOOH]/dt = kgq[Cr(III)1[t-BuOOH]"

.and the rate’of chromium (III) acetylacetonate disappearance
becomes:

- ©8) -d[Crl/dt = kSObECr(II'I)][g-BuOOH]

since complexing does_notvaffect the oxidation state of the
metal,‘ The involvement of three molecules of hydroperoxide
in Reaction 60a is suggested since the chelation by the

acetylacetonate groups léaves three "open" coordination sites

on the metal.

Figure 11: Complex III
MC\/ Me

| (v gty
< P
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The Cr(iV) species produced in Reaction 60b can be
oxidized to'Cr(VI) s, probably by a tﬁo-sfep reaction invol-
ving two Cr(III) molecules.  Reactions96 between cr (IV) and
Cr(V) may be neglected due to the extremely low concentration
of these species.97 Tﬁe intervention of Cr(IV) and Cr(V) in
the Cr(VI) oxidation of organic compounds is well known. 96
It is also known that these species are particularly stable
in complexing media,gg Cr(V) being especially stable in the
. presence of OH-.2 Furthermore, the formation of a relatively
stable complex, tetra-t-butoxy Cr(IVj, is known to occur in

100  fThepefore there is

the presence of di-t-butyl peroxide.
ample precedent for the existence of these species in a sys-
tem of the type under study. Cr(IV) is known to be a good
reduping agen‘tg6 and therefore oxidation of this species
-should be especially facile. Support for the suggestion of
a 2-electron oxidation of Cr(IV) by two molecules of Cr(III)
(see Reaction 69) comes from the fact that oxidation of
Cr(IV) to Cr(V) by Cr(III) is a highly endothermic reaction,
but_oxidation.of Cr(V) by Cr(III) is exothermic to almost
the same extent.97"

(89) Cr(IV) + 2 Cr(III) —— Cr(VI) + 2 Cr(II)
The energy of activation for Reaction 69 is about zero.97
Evidence for the formation of Cr(VI) comes from the observa-
tion that an absorption peak appears in fhe visible region
(438 mam.) as the reaction proceeds. Dichromate ion absorbs
at 440 nu&.lOl The rate of appearance of this peak is soﬁe

5 times faster in the presence of oxygen than in its absence
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at 40° under the conditions of Table III and it has been

reportedl02 that Cr(III) is oxidized to Cr(VI) in the
presence of peroxides and molecular oxygen. It is also
observed that as the reaction proceeds, the solution takes

on a yellow-orange color suggestive of chromate ion. In the
presencevof methanol a blue color103 develops in the solution
instead of the yellow-orange (possibly due to a methanol-
chromium complex). When a smalllampunt of potassium dichromate
and glacial acetic acid is added to a solution of t-butyl
hydroperoxide and l-octene in methanol, an identical blue
color appears. Under the conditions of Table III the appear-
ance of the color‘and‘the absorption peak at U438 ma takes
about 0.5-3 hours to develoé. Where oxidation was rapid
(e.g., high temperature, high metél‘éoncentration, etc;),

the rate of appearance was greater.

In the absence of oxygen or peroxide there is no
detectable change in the ultra violet spectrum of a chromium
(III) acetylacetonate sqlution in l-octene (see Table IITI).
However, this same solution is found to absorb oxygen at an
appreciable rate at 30° (see Table ITI). It has been report-
ed*® that there is no chromium (III) acetylacetonate-oxygen
| reaction’at 100° in diphenyl ether, although it has been
shown in this laboratory that there is a slow pick-up of
oxygen if l-chlorodctane is used as a solvent instead of
diphenyl ether (see Appendix I). Since this latter reaction
should be negligible at 30°, the absorption of oxygen by the
chromium (III) acetylacetonate-l-octene solution is dué to

Q
I
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Table III: Dependence éf the Rate of Disappearance2 of
t-Butyl Hydroperoxide and Chromium (III) Acetylacetonate
and the Rate of Autoxidationb of 1-Octene on Reactant
Concentrations® and Temperature.

[Cr(acac)3]0 [£-BuOOH], [l—Octene]0 Temp. R_ 9 R d grd

Cr P 0
x 10% M M M oC
.00 0.094 2.56 -1.0¢ 0.0f o0.0f 2.03
" 0.76  o.ek " 0.13 0.0025 n8
" " 2.56 " 0.31 .0018 0.40
16.00 L " " 1.23 0.0013 n
0.00 " 5.97 30 - n 0.o0h
0.762 0.00 2.56 - " o.olf - 0.17
0.800 0.76 5.97 " n n 0.53
0.904 " 2.56 " 1.47 0.257 n
.00 0.00 m " 0.0 - 0.34
" " 3.25 " n - 0.48
" " 4,50 " 0.0t - 0.85
" " 5.80 " 0.0t - 1.25
" 0.0004 2.56 n n n 0.46
" 0.0019 oo " n n 0.83
" 0.0045 " " 0.39 0.0 1.29
" ' 0.023 o " n _ n 1.85
" . 0.06Y4 " o 1.42 0.0002 n
" 0.094 0.128 n n n 1.21
" " . .. 0.637 " n ‘n 1.77
" meo 1.27 " n n 2.09

(continued)
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Table III (continued)

[Cr(acac) 31, [t-BuOOHI, [1—Oc1:ene]0 Temp. RCrd RPd ROd
x 104 M M M °oC

4,00 0.094 2.56 30 n - 0.003 2.31
" " 4,46 " n n 2.85
" 0.168 2.56 " n n 2.21
" 0.183 0.128 g n 0.90
" 0.76 0.00 "o 2,52 1.77 0.0K
" " 0.072 " n n 0.46
" " 0.128 " 2,33 0.533 0.74
" " 0.256 " n n 1.34
" " 0.637 " 2.18 n n
" " 2.56 " .43 0.761 2.25
" " " o n n 1.61t
" " " " n n 1.43M
" " 5.97 " n n 3.12
" 1.52 0.128 " n  1.52 n
" " 2.56 " n  1.67 n
" 4.50 0.128 - " n n 0.52
8.00 0.00 2.56 wo 9,01 - 0.57
g 0.76 " " 13.4  0.967 n
8.146 " 5.97 " n n 5.36

12.00 0.094 2.56 " n n 5.85
0.762 0.00 " 34 n - 0.25
8.00 " " o n - 0.95
0.574 0.76 " 40  4.27 0.565 1.15M

(continued)
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Table IITI (continued)

[Cr(acac) ], [t-BuOOHI, [l—Octene]0 Temp. RCrd' p Rod
x 10% M 1 M M °C
4.00 v0.018 . 2.56 40 n n 1.93
" 0.094 n " 47.6 0.006 2.52
" 0.76 0.00 " 63.9 2.75 o
" " 0.077 " n n 0.70
" " 0.256 - " n n 2.18
" " | 0.640 " 65.5 1.91 n
" n 2.56 " §6.6 2.25  L4.8Y4
0.574 "o " 46 8.94 n n
4.00 0.094 " " 99.2 n n
" 0.76 - 0.00 m 133 n n
" " 0.6 " 136 n n
" " 2.56 " 137 n n
0.574 " " 50  12.1 2.24% n
2.00 0.094 " " n n 1.47
" 0.76 " " n n .04
4.00 0.094 " " 206 0.049 2.9%
" 0.76 - o.00 " 278 4.97 n
" "o 0.077 " 'n n 1.09
" " 0.256 " n n 2.72
g " 0.640 n 268  4.82 n
Y "o 2.56 " 286  5.91  8.61
" 0.094 " 60° n 0.666 3.10
" 0.76 0.256 " n n 4,22

(continued)
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Table III (continued)

[Cr(acac)3]0 [EfBuOOHJO [l-Octene]0 Temp. Reo d grd grd

Cr P 0
x 10%M = M M °C
4.00 0.76 0.64 60 537  8.92 n
" A : 2.56——""  g59 8,29  14.7
8.00 0.00 j " n - 7.50

~in vacuo
oxygen pressure = 1 atmosphere except where noted

reactions run in l-chloro8ctane

Rep = (- &lCr(acac)zl/ A't:)0 % 10-9 M/sec
Rp = (- &[t-BuOOH]/ At)o x 10-4% M/sec
Rg = (- A[02]/,&‘!:)0 x 10-6 M/sec

autoxidations run at 2° C.

no detectable change after 15 days
n = no data

no oxygen picked up for 5.5 hours

no detectable. change after.18 hours

1 - n " 1 7 1 1"

PR

negligible oxygen pick-up ( 1 ml) after 7 hours

oxygen pressure = 0.5 atmospheres

0.2 "
[Cr(acac)3]0 = 8.0 x 10~ M

autoxidations run at 59° C.
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some‘metal—olefin interaction. Metal-olefin complexes are
well known,lou“los and it has been observed thaf there is a
dramatic effect of l-octene on the rate of chromium (III)
acetylacetonate disappearance if thgzolefin concentration is
high enough (), 0.6 M). Tt is therefore proposed that a
chromium-l-octene complex 1is forﬁed (see Reaction 63), in
which the ratio of.oléfin molecules fo chromium (III) acetyl-
acetonate molécules is A . _The presence of alkyl chromium
species has been observed in the Cr(II) reduction of alkyl
halides.107 Tt is suggested that a similar species is
formed, perhaps in very small concentrations, via Reaction
63, i.e.,'Cbmplex ITI (see Figure 12). In the absence of an

Figure 12: Complex II
Me

aétive species (e.g., a free radical or even oxygen), this
complex reverts to chromium (III) acetylacetonate and
l-octene (k_gg > kgg). However, in the-presence of an
active species, Z, the complex reacts to form free radicals,
and in the process changes the oxidation state of the metal
(see Reaction 64). Evidence for the participation of oxygen

in Reaction 64 comes from the observation that chromium (III)
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acetylacetonate disappears 1.5-2 tiﬁes faster in its presence.
The free radical species formed in Reaction 64 can theh
initiate a chain-reagtion and therefore accounts for the
autoxidation of l-octene in the presence of chromium (III)
acetylacetonate and the absence of t-butyl hydroperoxide.
There is some evidence that Reaction 64 plays a role inbthe
initiation process eveh in the presence of t-butyl hydro-
peroxide from the observation that there is a slight depend-
ence of the autoxidation rate on the pressure of oxygen

(see Table III). |

At low olefin concentrations or high temperatures,
the concentrétion of Complex II should be.greatly diminished
and therefore the contribution of Reaction 64 to the dis-
appearance of chroﬁium (III) acetylacetonate should be
negligible. This accounts for the observed negligible
dependence of the chromium (III) acetylacetonate disappear-
ance rate upon l-octene concentration. Olefins which(woﬁid
show large values of kgz would behave differently.

Since the Cr(III +M) species (Cr(IV) and Cr(V))
originally derives from Cr(III), the second term in Equation
66 is essentially second order in Cr(IIi). The concentration
of these species (i.e., Cr(IV) and Cr(V)) should increase
with incfeasipg temperature (the formation of these species
being highly endothermic). Clearly then, the second-order
term in Equation 66 will become more important at higher
temperatures. We did indeed observe that the rate of

chromium (III) acetylacetonate disappearance increases from
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first order in,chelatefat»-l.oq to an order of 1.7 at 50°
(see Table II). At lower températures where Reaction 62 is
relatively uhimportant, it ié observed that the order in
t-butyl hydroperoxide and the order in.l-octene (b and ¢
respectively in Equation 59) afe slightly greater than 0.5.
,IfEV=A =1, then (b + c)/Z'é{O.S (depending on the impor-
tance of Reaction 62). It, is clear therefore that either

Y or A or both are greater . than iJ It was pointed out
above that at least 4 molecules of t-butyl hydroperoxide can
complex.with one molécule of chromium (III) acetylacetonate;
although it is suggested that only one of these partakes in
an oxidafion—reduction reaction. It is altogether possible
however that more than one peroxide molecule is involved in
~ the disappearance of a chromium (III) acetylacetonate mole;
cule, and therefore VY 2 1. The possibility of more than
one olefin molecule participating in Reaction 63 also exists
and would account for the relatively high concentrations of
l-octene required before there is an observed effect on the
rate of chromium (III) acetylacetonate disappearance.
Howe&er, it is observed that in the autoxidation in the
presence of chromium (III) acétylacetonate but the absence of
t-butyl hydroperoxide (where Reaction 64 is the suggested
initiation step), the rate of 6xygen uptake is 3/2 order in
olefin. Assuming a rate law similar to Equation 9 (p. 5),
this would indicate that the initiation process is first
order in l-~octene, i.e., A = 1. The rate law could: show

b/ 0.5 dependence on t-butyl hydroperoxide -if the concentra-
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tion of the active species Z is dependent on the peroxide
concentration (e,g.; if Z = t-BuO: or even 0jp) (see Reactions
74, 77, 78 below). Therefore, even if the third term in

the rate equation (66) is more important than the first, the
overall rate could show ), 0;5 dependence'on both l-octene
and t-butyl hydroperoxide.. |

Although it is not pOSSlble to estimate individual
rate constants, the relatlve importance of the various terms
of Equatlon 66 may be 1ndlcated from the study of the effect
of temperature on the rate of chromium (III) acetylacetonate
disappearance under various concentration conditions. It is
observed that the enthalpy of activation ( & H*) (see Table
IV) decreases with increasing'Olefin concentration. The con-
tribution of Reaction 62 to the overall enthalpy should be
smalld7 and therefore the difference in enthalpy between the
-reaction in the absence of olefin and that in its presence
reflects the énthalpy difference of Reactions 61 and 6u.

The important difference between Reaction Sl'and_Gu.
is the formation of a Efbutbxy radical in the former and an
allylic radical in the latter. ‘The difference in the enthal-
pies of the two reactions should be largely due to the dif-
ference in the stabilities of the radicals formed in each
reaction. If it is assumed that the difference in stability
between the t-butoxy radical and the allylic radical (assuming
this is the radical formed in Reaction 64) is due to reso-
nancel08 then the latter species should be some 15 keal/molel08

more stable than the former. It is in fact observed that the
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Table IV: Activation Parame'tersa

b - & h
[Crl, [E—B}lOOH]O [1-Oct. ]0 Eact | LS s H
x 10% M M M kcal/mole cal/deg-mole kcal/mole
A. Disappearance of_Cr'b’c .

4,00 0.76 2.56 26.6+3.5 +3.32 26.0
" 0.093 " (30-46)3  +y1,89 37.8d
" . 0.76 0.00 39.3+2.8 . +U45.2 38.7
" " 0.6 29.1+5.6 +11.1 28.5
B. Decomposition of t-BuOOH®
4.00 0.76 2.56 19.9+4.1 -5.72 '19.3
" 0.093 " 41.7+8.4 +66.5 41.1
" 0.76 - 0.00 10.1+1.7 -36.4 9.5
" " 0.64 20.2+4.0 -5.04 19.6
C. Autoxidation of 1-Octene®
4,00 0.76 2.56 12.140.7 -31.8 11.5
" - 0.093 " 1.3%0.1 -67.8 0.66
" 0.76 0.256 7.66+0.43 -44,2 7.05
" " 0.077 7.54+0.16 -4u4.2 6.93
" 0.00 2.56 18.2+0.3 -11.4 17.3
a Temperature range = -1.0° to 60° for A and B and 2° to
59° for C
b Cr = Chromium (III) Acetylacetonate
¢ in vacuo, l-chloro8ctane solvent
d non-linear Arrhenius plot, See text- Figure 13,
e

l-chlorob8ctane solvent, oxygen pressure = 1 atmosphere
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disappéarance of chrbmiﬁm (III) acetylacetonate is some
10-13 kcal/mole more endofhermic in the absence of l-octene
than in its présence (see Table IV);

The enthalﬁy of activation for the disappearance qf
éhromium (III) acetylacetbnate cannot be strictly félated
to the‘olefih/szutylyhydroperoxide rétio. It is‘obsefved
that in the presemce of émall amounts of t-butyl hydroperoxide
( £ 0.09 M) the overall enthalpy of activation is actually
. greater than with larger ( » 0.8 M) peroxide concentrations.
This appears contradictdry to the discussion given ébove,
however the situation becomes clearer in the light of the
following observations.

Although Table IV presents a value of 38.4 kcal/mole
for the activation energy for the disappearance of chromium
(III) acetylacetonate iﬁ the presence of a small amount of
Efbutyl hydroperoxide, it is noted that this is an averége
value as the Arrhenius plot for this system is non-linear.
At higher temperatures the slope (and hence the activation
energy) is actually smaller fhan at lower temperatures.

This observation is readily explained if one studies the
temperature effect on the decomposition of Equtyl hydro-

- peroxide under the same conditions (see p. 64 ). It is

noted that the hydroperoxide decomposition, under these con-
ditions, has an activation energy of 42 kcal/mole (see Table
Iv), which.means that at high temperatures the peroxide dis-
abpears at a much faster rate than at low temperatures. As

a consequence, Reaction 64 soon becomes much more important
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relative to Reaction 61 af high temperatures, even though it
has a lower activafion energy, due to the rapid deplefion of
t-butyl hydroperoxide. It is thefefore observed that the
high temperature chromium (III),acétylacetonate disappearance
'peaction has an actiQation energy of ébout 30 kcal/mole,
which is similar to those syétems,in which Reaction 64 is
relatively more important than_Reactioh 61. Af<lower tem-
peratures the activation energy of the chromium (III) acetyl—
acetonate disappearance is about 46 kcal/mole. It is observed
that over the Whole temperature range (20° to 60°) the activa-
tion energy for the low peroxide system is greater than for
the high ‘peroxide system.v There are two possible explana-
tibns for this. First, it is noted that Reactions 61, 62,
and 64 involve electron-exchange. Clearly, these reaqgions ‘
are facilitated in‘a more polar medium, The polapitngf the
system increases with the concentration of t-butyl hydro-
peroxide and therefore it is expected that these electron-
transfer reactions will have a lower activation energy in the
presence of large amounts of peroxide. |

‘ An alternate explanation arises from the fact that
t-butyl hydroperoxide 1is knowﬁ to be an excellent hydrogen-
bondingwgpécies.log Hydrogen-bonding may play an important
role in the transition states of the various reactiohs
involved in the disappearance of chromium (III) acetyl-
acetonate (e.g., in stabilizing the intermediate species)}
Therefore in a good hydrpgen-bondipg medium, i.e., in the

presence of large concentrations of t-butyl hydroperoxide,
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the activation energiesAfor these various reactions are
lowered. The same effect, as manifested by an increasé in
the rate 6f chromium (III) acetylacetonate'disappearance, is
- observed in other hydrogen bonding solvents such as methanol,
t-butanol, and acetic acid (see p. 93 ).

The enthalpy ( AH*) of the chromium fIII) acetyl—lv
acetonate disappearance reaction in the absence of l-octene
is 39 kcal/mole. This value:is essentially the enthalpy of
Reaction 61, again assuming negligible contribqtiorlfrom
Reaction 62, and indicates that 0-0 bond scission is the
ppimary hode of t-butyl hydroperoxide dissociation (The bond.
strength of the 0-0 bond in t-butyl hydroperoxide is 35-37
keal/mole¥>110). The fact that the O-H bond strength in
t-butyl hydroperoxide is about 84 kcal/mole! essentially
precludes decomposition via Reaction 70:

(70) Cr(III) + t-BuOOH —+ Cr(II) + t-Bu00-. + HY
although similar reactions have been sﬁggested for other
metal-peroxide systems.ls’90’111’112a113 The energy involved
in oxidizing or reducing the metal, although appreciable,
should have little effect on the overall enthalpy since
electron transfer should be very fast compared to Bond—
breaking. The bond-breaking step should therefore control
the rate and the enthalpy of the overall reaction. Further-
more, the presence of t-butanol among the productsisuggests
the formation of t-butoxy radicals although these could
arise via Reaction 74 below.23

The overall entropy of activation (&s*) for the
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disappearance of chromium (III) acetylacetonate is a function
of the entropies of Reactions 60-64. It has been shownllh
that acetylacetonates are highly rigid molecules wifh a‘good
deal of symmetry insofar as the ligand structure around the
central atom is concerned (see Figure 17).115 since the
Figure 17: The Structure of Chromium

(III) Acetylacetonate

above reactions involve some departure from this symmetry,-
e.g., via ligand exchange ( cf. Figures 1l and 12), one
would expect the entropy of the transition state to be
_greater than that of the original reactants and hence to

29 Tt is this positive entropy

observe a positive A S* value.
value fhat helps to offset the energy loss due toldéstruc—
tion of the "ardmaticity"llu of the acefylacetonate struc-
ture.

It is noted that in the transition state there is
more rotational freedom for the ligands than in the original
molecule, regardless of whether exchange is with t-butyl

hydroperoxide or l-octene. In the latter case, however,

the effect is not as great. It is suggested that this is
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due to the- formation of resonance stabilizéd species (e.g.,
an ailylic’radical) in this pfocess. Iﬁ these species only
certain conformations are permitted; to allow for maximum
orbital Sverlap,gthu§ restrigting rotation about certain
bonds and resultipg in a more.negative entropy of activa-

tion.116

It is observed that as the olefin concentration
ihcreases, the entropy of activation becomes less positive,
indicating increased partigipétion of Reaction 64. The
entropy of activation for the disappearance of chromium (III)
acetylacetonate in the presence of small amounts of t-butyl
hydroperoxide (£ 0.09 M) appears unusually high. This is
probably due.to the lack oﬂlion-Solvent interactions or
hydrogeh-bonding effecfs,‘either of which would restrict

117 The entropy

motion and result in a more négative entropy.
of activation for Reaction 62 should be sﬁall since the
products and the reactants resemble each other very closely.
A negative A S* value would also be exp;cted if there were
an increase in the coordination number of the metal, i.e.,
from 6 to 8. Although coordination numbers of 8 are rare,
the acetylacetonates of many +4 ions are beiieved to involve

118

eight-coordinafion. On the other hand, the formation of

+2 species might reduce the coordination number to 4,119
resulting in a more positive A S* value.

C. The Decomposition of t-Butyl Hydroperoxide in the

Absence of Oxygen.--The decomposition of t-butyl hydroperoxide
&n the preéence of chromium (III) acetylacetonate may proceed

by either of two paths. When present in large concentrations
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( % 0.8 M) t-butyl hydroperoxide will decompose via a chain
process1l0,120 with chain lengths of 103-10% (see Table V).‘
As the concentration of t-butyl hydroperoxide dgcreases, the
chain length rapidly approaches unity-(see Table V) and at
low concentrations ( £ .09 M), t-butyl hydropefoxide'decomposes'
via a non-chain process; This mechanism is supported by

temperature studies which indicate that the activation energy

. for the decomposition increases from 20 kcal/mole under con-

ditions of high peroxide concentrations where the chain pro-
cess is predominant to 42 kcal/mole under low peroxide'con-
centration and hence non-chain conditions. The value of

42 kcal/mole is consistent with the rupture of the 0-0 bond
in t-butyl hydroperoxide and with observed activation energy
for the disappearance of chromium (III) acetylacetonafe under .
the same conditions (46 kcal/mole), suggesting that both
compounds disappear via the samevproceés under these condi-

tions, namely Reactions 60 and 61 (vide supra, p.42). As

the chain process becomes more important, the overall

-activation energy becomes a function of the activation

energies of the initiation, propagation, and termination

 processesl?l (see Equation 95 below).

The rate equation for the decomposition in the
absence of oxygen is given by: '
= a r« b c
(71) -d[t-BuOOH]/dt = kobS[Cr] [t-BuOOH] [08H16]
where Cr = chromium (III) acetylacetonate and kopg = the
experimental rate constant. The value of a is 0.5-0.7

under all conditions studied (see Tables II and III).
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Table V: Dependence of Chain Length on Concentratlon and
Temperature Conditions

[Cr(acac) 4] [t-BuOOH] [1-Octenely Temp. vq x 10-3 v_ x 10~4
3lo [t 0 o Temp. vg

P

4.00 0.76 é.sé o.oté.o 1.3 . .058
0.90u " " 30 0.35 1.8
4.00 0.0047 " " 2.7 0.0a

" 0.064 " o nb 0.001l

" 0.094 4 " 1.0 0.013

" 0.76 0.128 " 0.32 2.3

oo " 0.640 " 0.60 n

" " 2.56 " 0.35 1.2
8.00 " " .o 0.34 - 0.72
0.574 oo | " 10 0.19 1.3
%.00 - 0.094 " n 0.053  0.0013

" 0.76 0.64 " 'n 0.29

" " . 2.56 n 0.073 0.34
0.574 " " 50 n 1.9
.00 © 0.094- " " 0.01Y4 .0024

" 0.76 0.64 . " n 0.18

n " 2.56 " 0.030  0.21

n n 0.64  60%1.0¢ n 0.17

n n 2.56 " 0.017 0.097

a No detectable t-BuOOH decomposition after 71 hours.
However, the rate is probably not zero; a rate of -
t-BuOOH of . 10-9 M/sec would be beyond the limits of
detection but would result in a value of about one
for the chain length.

b n'¥ no data
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The value of b is dependent on both femperatﬁre and
peroxide concentration, decreasing with both an increase in
_témpefature and an increase in concentration. Tﬁe decompo~
sition of t-butyl hydroperoxide shows a slight dependence on
olefin concentration (i.e., ¢ » 0). This observation may be
attributed to chain transfer effects. The effecf of fhe
preSence of olefin is also temperatufe dependént and will be
discussed below. |

At low éoncentrations of t-butyl hydroperoxide,
decompoéition is primarily via a non-chain process (Reactions
60 and 61). As discussed above (see p. §§) the rate law for
the decomposition of t-butyl hydroperoxidé by this process
is given by Equation 67 above (see p.:&ﬁ&. The rate law for
the chain decomposition of t-butyl hydééperoxide (cf.
Equation 93 below) is given by Equation 72:

(72) -dlt-BuOOH1/dt = kgp [Cr1®*® [£-BuOOH1**2® [cgH, (1025
Clearly then the va;ues of a, b, and ¢ (Equation 71) depend
on experimental conditions and upon which rate law (Equation
67 or 72) predominates. As the concehtration of t-butyl
hydroperoxide increases, the chain process becomes more .
important and therefore the value of>a should decrease from

1l to 0.5, the value of b should decrgase from 4 to 1.25,

and the value of ¢ should increase from 0 to 0.25. In the
presence of large amounts of t-butyl hydroperoxide the value
pf a is observed to be 0.5 to 0.7 and the value of ¢ is about

0.1. It was not possible to obtain accurate data under con-

ditions of low peroxide concentrations because of the very
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low rate of decomposition. The valueé of a and ¢ could not
be calculated under these conditions. However,'fhe rate of
t-butyl hydroperoxide decomposition'was studied over a-
twenty-fold rangé'of.peroxide concentraﬁioné and it was
observed that the value of b was about Y4 (wi%hin experimental
error) in the low peroxide region (0.06-0.09M) and decreased
to a value of about 1.1 at high concentrations (0.8-1.6 M).
The data are given in Table”III~(see p.47 ) and the dependence
of the decomposition rate on t-butyl hydroperoxide concentra-
tion is described in Table III. The stfong dependence of o
‘thevdecomposition rate in the low peroxide region might be
attributed to polar effects,122 e.g., via solvolysis of the
intermediates involved in the initiation process. However
several observations were made which tend to refute this
suggestion. Solvent studies indicaté.fhat polar media have
little effect on the decompositions, the reaction actually
being slighfly slower in methanol and ~cetic acid (see p. 93).
Fufthefmore, a 4-fold change in concentration from 0.094 M

- to 0.37 M, which should produce a large change in the dielec-

tric constant of the medium- produces only a 5-fold change
in rate, while a 1.5-fold change in concentration from
0.064 M to b.ogu,M produces a 15-fold change in rate.
Furthefmore, an increase in concentration from 0.37 M to
0.76 M, which should have little e;;eét on the polarity of
the medium, increaées the rate some 20 times. Finally,‘the
effect of known free radical inhibitors suggests that the

decomposition is primarily free radical in nature and there-
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fore polar effects should not be significant.

Thé chain process for the decomposition of t-butyl
hydroperoxide in the absence of added oxygen may be desc;ibed
by the following scheme:

(73) t-BuOOH + I+ =—> t-Bu00* + 1IH

(74) 2 t-Bu0O* — 2 t-Bu0+ + 0,

(75)  t-BuOOH + +t-BuO+ -—> +t-BuOO+ + +t-BuOH
(76) 2 t-Bu0-  ———3  t-Buy0,

(77) 2 t-Bu00-  ———&  t-Bu,0, + 0

(78) t-BuO+ + t-Bu00: —> +t-Bu0 + 0,

where I is the initiating radical from Reaction 61 or 64.
Reactions 73 and 75 represent the propagation steps and
Reactions 76-78 represent the termination process. In the
Presence of l-octene, additional propagation steps (79-80)
and termination steps (81-83) must be included.Y

(79)  t-Bu0* + CgHyg ——> C.H,.CHCH=CH, .+ t-BuOH

5711 2
(80)  CgH1iCHCH=CHy + t-BuOOH — t-Bu0O* + CgHig

(81) CgHy CHCH=CHy; ~+ - t-BuO: —> inactive products
(82) CgH11CHCH=CHz + t-Bu0O+ ~—> inactive products
(83) 2 CgHy3CHCH=CHy | ———  inactive products.
Reactions involving oxygenated alkenyl radicals have not
been included, even though there may be some oxygen present
(from Reactions 74, 77, and 78) because the concentration of
these radicals should be small cqmpared to thé others repre-
sented in the above scheme. The involvement of radical-

peroxide complexes may play a significant role in this system

and will be discussed below (see p. 154).
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In the absence of olefin the primary propagation
step is Reaction 75. Assuming steady state conditions, the
rate of production of t-butoxy radicals is equél to their
rate of disappearance. Assuming furthef'that t-butoxy radi-'
cals are produced mainly by Reaction 74 and disappear pri-

marily by Reaction 75, then

(84)  kyylt-Bu00-12 = kgz[t-Bu0*] [t-BuOOH]
or .
(85) [t-BuO+1 = kgu[t-Bu00-:12/ky5[t-BuOOH]

where [t-Bu00-] and [t-BuO*] are the steady state concentra-
tions of the t-BuOO- radicai and the i—BuO- radical, respec-
tively. Under conditions where the chains are long the rate
of initiation is equal to the rate of termination. Therefore
if Rjy = the rate of initiation,

(86) R; = kyglt-Bu0+12 + kygl[t-BuO-I[t-Bu00-1 + ky7[t-Bu00-12
Upon substitution of (85) into (86), one obtains:

(87) Ry = kygkyy2[t-Bu00+1% + kygkyylt-Bu00-13

k752[t-BuOOH]?2 k75 t-BuOOH]

+ kqq[t-Bu00- ]2 |
From the literature?3,123 one may estimate the values of the
rate constants in Equation 87. Substituting these values
into Equation 87 and rearranging terms one obtains:
(88) 1011[t-Bu00-1% + 108[t-Bu00-1® + 102[t-Bu00-12 - R; = 0
The value of Ry may be obtained from the chromium (III)
acetylacetonate disappearance data (see Table III) and under
most conditions equals 10-8-10-9. Equation 88 can be solved
then for [t-Bu00-] and one obtains a value of ~ 10-5 M.

This is seen to be a reasonable value when compared with that
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measured by Thomas?3 for the azobiéisobutyronitrile (AIBN)
initiated chain-decomposition of t-butyl hydroperoxide at
22° C. | |

In the presence of i-octene the primary chain-
carrying species is the oétehyl radical (05H119H0H=CH2) due
to the weakness of the allyiic carbon-hydrogen bond and the
_greater stability of the allylic radical. Therefore the pre--
dominant propagation step is Reaction 80 and the.predominant
termination step is Reaction 83. In the presence of olefin
the rate,of'decomposition of t-butyl hydroperoxide is given:
by:
(89) -d[t-BuOOH1/dt = kgglCgH1]CHCH=CH1[t-BuOOH]
The concentratidn bf the octenyl radical méy be obtained by
assuming equality of the terﬁination and initiation rates.
Therefore' . |
(90) Ri =‘k83t05Hi19HCH=CH2]?
where [CSH11?H0H=CH2] is the steady-state concentration of
the octenyl radical. Solving for [C5H11?HCH=CH2] and sub-
stituting into Equation 89; one obtains:

(91)  -d[t-BuOOHI/dt = kgg 0.5;
— R; " *°[t-BuOOH]

. Kgg
The rate of initiation is essentially given by the rates of
Reactions 61 and 64, The combined rate law for this process
is given By Equation 92:

(92) R;

; = k;[CrI[t-BuooH10-5[CgH,410:5

Substituting Equation 92 into Equation 91 one obtains the

rate law for the decomposition of t-butyl hydroperoxide in
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the presence of l-octene:

- - = Y. J.0:5 .
(93) -d[t-BuOOHI/dt ksok8 : [Cr]o'a[szuOOHll‘25[08H15]0'25
kg3V-

The overall activation energy (Egpg) is proportional to the
19gabithm of the observed rate constant (kopg?)s and

(9y) kKobs

kgok30+®

kg30.5

Therefore

(95)  Egpg = 0.5 Ej + Egy - 0.5 Egg

where Eji, Egg, and Egg are the activation energies for the

initiation process, Reaction 80, and Reaction 83 respectively.
Termination via Reaction 83 should have an activation

energy of 0-2 kcal/mole.t2% TIf the vaiue of E; (26.6 kcal/

mole) is taken from the chromium (III) acetylacetonate dis-

appearance data (see Tablé ITT) then from the value of E pgq

(19.9 kcal/mole) (see Table IV), Egp equals 6.6-7.6 kcal/mole.

This value is similar to the value spggestediby Benson™ (i;e.,

7.5 kcal/mole) for the reaction of alkoxy radicals with t-

butyl hydroperoxide and with the value estimated. from bond

strengths%>125 for Reaction 80 (7.0 kcal/mole). In the

absence of olefin, termination occurs via Reactions 76—78,

and propagation primarily via Reaction 75. Assuming steady

state kinetics, the rate law for the decomposition of E—butyl

hydroperoxide in the absence of olefin becomes:

(96) -d[t-BuOOH1/dt = kig

R;0.5 [t-BuOOH]
kt0-5
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where k4 is'a function of the rate constants involved in

the overall termination process. The.activation enérgy
(Ebbs) under these conditions becomes:

(97)  Egpg = 0:5 By + Egg - 0.5 Ey

In the absence of olefin, the initial production of radicals
is priﬁahily via Reaction 61, which has an activation energy
of 39 kecal/mole (see Table IV). Furthermore, in the absence
of l-octene, the probability of reaction ﬁetWeen two t-butyl.
peroxy radicals is greatly increased. This reaction may
.either terminate a chain (77) or form new radicals (74). It
has been observed?3 that the\latter reaction proceeds some
five times faster than the former at 22° and has an activa-
tion energy of 15 kcal/mole. Slnce Reaction 74 has a much
lower actlvatlon than Reaction 61, thls reaction becomes the
predominant source of radicals. Ei may be estimated as

4-10 kcal/mole?3,123 depending on the relative iﬁportance of

the various termination reactions. Assuming a value of Ej

of 15 kcal/mole (vide supra, p. 73 ), from Egps = 10.1 kecal/

mole (see Table IV), EP is estimated as 4.5-7.5 kcal/mole.
The latter value is in good agreement with Benson's” estimate
(7.5 kcal/mole) for the reaction of alkoxy radicals with
t-butyl hydroperoxide, and is the value one obtains by assum-
ing termination primarily via Reaction 77. This termination
process is the one usually assumed for the chain decomposi-
ktion of t-butyl hydroperoxide.23,110 The similarity of the

activation energies for the attack of various radicals

[alkoxy," t-butoxy, and octenyl (vide supra, p.72 )] on the
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peroxidé hydrpgen of t-butyl hydroperoxide, suggests that
-bbnd—breéking in the transition state.is more important than
bond-making. |

It is interesting at this point to consider the
effect of'olefin on the rate of t-butyl hydroperoxide decom-
position és a function of temperature. - At 30°, the presence
ogm?.ﬁ M l-octene causes a two-fold decrease in the rate.
This effect diminishes with increasing temperature, until at
50° the presénce of olefin has a slighf accelerating effect.
There are two ways in which the olefin can affect the decom-
position. The first is by competing with t-butyl hydfoper—
oxide for radicals,(Reaction 79) and thus diminishing the
rate (liké a weak inhibitor). The second is by attack of
the octenyl radical on the peroxide, thepefore'inducing
decomposifion (Reaction 80). In any chain process, attack
of the chain-carrying radical on the substrate must compete
with termination. In the decomposition of t-butyl hydfo—
peroxide in the'absence of l-octene, the'chain—carrying
species is either the t-butoxy or the t-butyl peroxy radi-
cal. Termination by these radicals requires an activation
energy of about 4-10 kecal/mole23,123 yhile the propagation

step requires 4.5-7.5 kecal/mole (vide supra, p.72 ). Hence

propagation can compete successfully with termination
regardless of condifions. In the presence of l-octene the‘
chain-carrying species is the octenyl radical and although
the activation energy for propagation is still about 7 kcal/

mole, termination by two octenyl radicals only requires
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0-2 kcal/mole.12LL Therefore at lower temperatures the
propagation step cannot compete as well with the termina-
tion step, and l-octene ‘has a retafding effect on the decom-
position due to chain transfer (Reaction 79). However, as °
the temperature increases the propégation/termination fatio ‘
increases due to the difference in activation energy and the
retarding effect is reduced. Certain other compounds exhibit
the same effect as l-octene on the decomposition of t-butyl
hydroperoxide (see‘Solvent section, p. 93 ).

An alternative explaﬁation for the effect of olefin
arises from a reaétion suggested for the induced decomposi-
tion of t-butyl hydroperoxide by styrene.123_ |
(98) t-BuOOE + CgHgCH=CH, -——>  t-Bu0Os + CgHg5CHCH3
However the energetics involved and the probable importance
of fhé styrene structure make the intervention qf Reaction
98 unlikely under the conditions of the present study.

The entrdpy data (see Table IV) are consistent with
the proposed mechanisms for t-butyl hydroperoxide decomposi-
tion. 1In the presence of smallkamounts.( 4 0.09 M) of
t-butyl hydroperoxide, the entropy of activation is +66.5
cal/deg-mole. This is consistent with the value obtained
for the disappearance of chromium (III) acetylacetonate
under the same conditions and can be attributed to the non-
chain process of t-butyl hydroperoxide decomposition. The
high positive entropy value is indicative of an increase in
rotational freedom in the transition state. This is due to

a lack of hydrogen bonding and solvent-ion interactions
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under low peroxide concentration conditibns.‘ At higher
concentrations the overall entropy of activation can be
related to the entropies of the various steps in the chain
process.

©9)  Astgg = 0.5 Ast v as* + 0.5 At

Applying fhe'same arguments as in the analysis of the activa-
tion energies, the values f;r the various entropy terms may
be estimated; From data in the literature,23’123’127 and
experimental values in the present study, a valu@ of Ass*p
of -43.6 cal/deg-mole is estimated for the decompdsition of
t-butyl hydroperoxide in the absence of l-octene. 1In the
presence of olefin this value is -25.4 cal/deg-mole. Assum-
ing Reactiohs 75 and 80 to be the major propagation steps in
the absence and presence of 1—oétene.respectively, the
'correspondipg ‘AS'k values can be estima_ted123’128 as AS"‘75
= -36.6 cal/deg-mole and A S*g, = -18.0 cal/deg-mole. The
consistency of the experimental values with these estimated

values lends strong subport to the proposed mechanisms..

D. Autoxidation of 1l-Octene.--l-Octene is autoxidized

in the presence of chromium (III) acetylacetonate and t-butyl
hydroperoxide or in the presence of chromium (III) acetyl-
acetonate alone. In general, the reaction in the presence

of t-butyl hydroperoxide is faster than in its absence. The
autoxidation proceeds by a chain process (chain length ca.
103) (see Table V), which is relatively unaffected by the
concentration of peroxide (cf. the decomposition of t-butyl

hydroperoxide).
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L ?The kinetics of the reaction are quite complex, but
fit a general mechanistic scheme. [The symbols used in the
following reactions are'those.employed previously, and
Reactions 61 and 64 are reproduced here (?n part) for clari-
fication (see p. 42)] The initiation reactions are:
(61) Complex I ~————> t-BuO°
(64) Complex II ——» Z'-
where Z'* is a radical produced from the decomﬁosifion of
Complex II. In addition to these reéctions a third process
must be included, which substitutes octeﬁyl hydroperoxide

for t-butyl hydroperoxide in Reactions 60 and 61 (gq.v.).

(100) Cr(III) + C5H118HCH=CH

Complex ITI
oH ,

2 —m—m—

(101) Complex III — > MCS'HHSHCH=CH2 + MOH- + Cp(III+K)

- The intervention of Reaction 101 in the initiation brocess

is inferred in several ways. TFirst, it has been Qbserved

- that the amount of octenyl hydroperoxide formed in the
autoxidation corresponds to only about 2% of the oxygen
absorbed. It is clear therefofe that either the hydroperoxide
is being destroyed in a rapid reaction (e.g., Reaction 101)

or that the octenyl peroxy radical is destroyed before it has
a chance to abstract a hydrogen atom (e.g., via Reaction 102).
(102)  ROO- + t-Bu00+ —> RO* + t-BuO: + 07 |

where R = CgHjj CHCH=CH, |

However, although'there is much precedent for reactions such
as (102),4>23 in the presence of a good hydrogen donor such

as l-octene, it is unlikely that this reactions could compete
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to any large extent with the abstraction reaction. Further-
more, one of the major products of tﬁe reactidn is l-octen-
3-one which suggests the formation of the octenoxy radical:

' CsHllgﬁCH;CHg. Ingold22 has shown that secondary peroxy

radicals are more selective and‘hence'moré stable than the
t-butoxy radical. One veason for this difference in stabil-
ity is the possibility of hyperconjugation in the secondary |
case where noneis'possible in the tertiary radical (see
Figure. 20). Therefore, in a system where Reaction 101 is
Figure 20: Hyperconjugation Structures for an
| Alkenoxy Radical
; H-
R89H=CH2 &> RgCH=CH2'
(1) o (ID)
more iﬁportant in the initiating process relative to Reaction
61, a decrease in activation energy should be observed.
Indeed, when the ratio of l-octene to t-butyl hydroperoxide
is increased from 3.4 to 27, thereby favoring Reaction 101
over Reaction 61, the overall activation energy is decreased
by some 11 kcal/mole. If this were completely attributable
to the initiation process, which is unlikely, it would mean
that the activation énergy for this process decreased 22

- 121
kecal/mole (Eqyepa1i = 0+5 Ej + Ey - 0.5 E.)%

P
The hyperconjugation structures shown in Figure 18

demand that there be some loss in entropy due to the restricted

116

rotation required by conjugation. Therefore a change in
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the initiation ﬁrocess from Reaction 61 to 101 should be
accompanied by a shift to a more negative entropy. It is
in fact observed that the entropy of activation in the
presence of a 21/1 ratio of olefin toli-butyl hydroperoxide
is some U4l cal/deg more negative than when the ratio is

- 3.4/1 (see Table IV). Another piece of evidence in support
of Reaction 101 is the observation that the autoxidation is
slightly dependent on the partial preSsure of oxygen. This
dependence is small, but indicates the intervention of oxygen’
in a step other than the propagation sequence. It has been
noted previously (see p.ué ) » however, that oxygen may be
involved in Reaction 64 as the species "Z".

The propégation steps in the autoxidation are given
in Reactions 103-112. [I* = any radical_formed in an initia-
tion step (i.e., t-BuO*, RO*, Z'*)]

(103) I- + CSH11CH2CH=CH2 ——>» TIH + CsHilgHCH=CH2

(104) Cgly) CHCHSCH, + 05 ——3  Cgly 1 CHCH=CH,
L] ) 2

(105) I+ + t-BuOOH ———> t-Bu00° + IH

+ C.H..CH,CH=CH, —3>

(106) CgHy, gHCHECH, * CglHy; CHy 2

CSHllgHCH=CH2 + CSHll?HCH=CH2

2H

(107)~C5H1i8HCH=CH2 + C5HllCHQCH=CH2*——_**
2.

CSHllCHOZCHQ?HCGH13 = R'-
H=CH,

+ C.H,.CH,CH=CH —

(108) CSHllgI:ICH=CH2 5Hq ;1 CH, 9

= = R".
C5H1180H CH2 + CHs?HCBH13 R%-
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'C5HllggCH=CH2 + CSHll?HCH=CH2

(110) R'* + 0y - —> R'0y-

(111) R"+ + 0 ——3> R"0,-

(112) t-Bu0O* + CgH;qCH,CH=CH, —>
£-BuOOH + CgHj7CHCH=CHy

Under conditions where the olefin/t-butyl hydrdpéroxide
ratio is high, Reaction 103 receives little competition

from Reaction 105, considering that the O-H bond strength in
t-butyl hydroperoxide is some 7 kcal/molel,125 greater than
the allylic C-H bond in l-octene. However, as the peroxidg
concentration increases, Reaction 105 takes on added impor-
tance and has a profound effect on both the rate of oxygen
uptake and the kinetic rate law. The termination. reactions
are given below (113-115).

(113) 2 05H118H0H=CH2A —>» inactive products
(114) C5H118HCH=CH2 + t-BuO., (t-Bu00:) —> inactive products

(115) 2 t-BuO-., (t-Bu0O:) —> inactive products

It will be noted that the radical in Reactions 113
and 114 is designated as an alkoxy rather than a peroxy
radical. It seems likely that in the presence of a good
hydrogen donor such as l-octene, the ﬁérbxy radicals would
quickly abstract a hydrogen atom and form hydroperoxide.

However, since little octenyl hydroperoxide is found under
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the conditions of these experiments'it is probably rapidly
decomposed to octenoxy radicals. If abstraction of hydrogen
by the peroxy radical is rapid compared to termination (as
is indicated by the 1bng chain lengths) then even though
propagation is via fhe peroxy radical, the chains are termi-
nated via the alkoxy radical. ,Thé same arguments applied
to octenyl hydroperoxide can, of course, be applied to
t-butyl hydroperoxide. However, the t-butyl peroxy radicals
must be in greater concentration than the octenyl-peroxy
radical and therefore should be more important at least
initially in both the propagation and termination processes.
It is probable that Reaction 115 becomes important only in
the presence of substantial amounts of t-butyl hYdroperoxide.
Indeed, increasing the concentration-of t-butyl hydroperoxide
has a dramatic effect on the rate expression, which is
directly attributable to Reaction 115.

In the presence of small amounts of t-butyl hydro-
peroxide the primary propagation steps are Reactions 106- |
109. Applying the steady state approximation to the concen-
tration of the various radicals, one obtains:

(116) (kygylCgHy1CHCH=CHpl + ky3olR"*1 + kq4,[R"-1)[0,]
s [CgHy1CHyCH=CH L (k6 + k107)[05H118H9H=CH21
. Oy

+ (kjpgg *+ klgg)[CSHllggCH=CH2]]

Therefore the rate of oxygen uptake is given by:

(117) -d[0,1/dt = [CgHyqCHoCH=CHy1L(kqgg * k107)[C5HllgHCH=CH2]
2.

+ (k108 + klog)[CSHilggCH=CH2]]
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In a‘cﬁain proéess, where the chéin 1epgths are iong, the
rate of initiation apprbximates the rate of termination.
Designating the former as Ri; and assuming termination
primarily via Reaction 113 (low t-butyl hydroperoxide con-
centrations) we‘may write:

(118) k113[05H118HCH=CH2]2 = Ry

Since it has been shown that the amount of hydroperéxide
formed in the autoxidation is small compared to the amount of
oxygen taken.up, the rate of decomposition of.the peroxide
must be compatable to its rate of formation. As a first
~approximation, we may assume these two rates to be equal and
we may then write:

= k106[05H118H0H=CH2][C5H110H20H=CH2]
2_ |
The left hand expression in Equation 119 is just the rate

of formation of the octenoxy radical [05H118H0H=CH2].

Under steady state conditions this expression equals the rate
of disappearance of the octenoxy radical and therefore:

(120) kloo[CP][CsHllSHCH=CH2]
2H
= (klos + klog)[CSHllgHCH=CH2][C5H110H20H=CH2]

- 2
Under conditions where chains are long the termination steps
(e.g., Reaction 113) are‘insignificant compared to the pro-

pagation steps (e.g., Reactions 108 and 109). Therefore
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Equatlon 120 simplifies to:

(121) k [Cr][CSHll ng CH ]

= (kypg * klog)[CSHllg§CH=CH2][05H110H20H=CH2]

or substituting into Equation 119:

(122) klos[CsHllgHCH CHo1[CgHy1CHpCH=CH,]
= (k108 + klog)[CsHllgHCH=CH23[C5HllCHZCH=CH2]

Substituting Equation 122 into Equation 117 one obtains:
(123) -dl[0p]/dt |
= [k107 + 2(k108 + klog)][CSH118H0H=CH2][C5H110H20H=CH2]

or from Equation 118:
(124) -d[0,1/4t
= Tkygy + 2(kygg + Kygg)] Ry "~ [CgHyqCHpCH=CH,/ky 1508

| The initiation process is a multistep procedure
consisting of Reactions 61, 64, énd 101l. From studies of
chromium (III) acetylacetonate disappearance and the assumpé
tion thét decomposition of octenyl hydroperoxideAtd produce
radicals proceeds in the same fashion as the chromium (III):

acetylacetonate-t-butyl hydroperoxide reaction the rate of

initiation can be written:

(125) Ry ksl[Cr][t -BuOOH] + k64[0r][05H110H20H CH,1[Z]

<+

02H

The rate law therefore becomes very comples, and it is
observed that the kinetic "orders" of the various reactants

are extremely dependent on experimental conditions. The
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next part of this>section attempts to deal with these
"orders" as a function of reactant concentration andvreaction
temperaturé.

As the t-butyl hydroperoxide-l-octene ratio increases
abstraction of the peroxide hydrogen becomes important:

(126) CSH]_]_SHCH=CH2 or C5H118HCH=CH2' + t-BuOOH }""—_9
- 2'
E—BU.OO' + CSHllgHCH=C‘H2 or CsHllgHCH:‘CHz
H 2H :

The increased importance of Reaction 126, and hence increésed
importance of the t-butyl peroxy radical in the termination
process (e.g., Reactions 114 and 115) introduce a term into
the rate law which is inversely proportional to the concen-
tration of t-butyl hydroperoxide. It is indeed observed

that as thé t-butyl hydroperoxide/l-octene ratio increases
factor of almost 2.5. Since no evolution was noted when
chromium (III) acetylacetonate was mixed with t-butyl hydro-
peroxide in the absence of l-octene, this effecf cannot be
attributed to an increased production of oxygen via peroxide
decomposition.3%2 When present in low concentrations, par-
ticipation by t-butyl hydroperoxide is probably confined to
‘the initiation process. Under these conditions the rate of
oxygen uptake is given by Equation:iZu, and the rate of
initiation by Equation 125. If all three terms in the latter
equation.are of equal importance then the "order" in t-butyl
hydroperoxide should be about 1/3. The observed order under

conditions of extremely low t-butyl hydroperoxide concen-
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tratioﬁs (10-3-10-4% M) is about 0.45. it may tﬁéf;fore be
comcluded that in the initiétion proéess Reaction 61 is as
important as the otper steps combined. It has been noted
that the overall activation ehergy of the ‘autoxidation is
markedly dependent on the concentration of peroxide. Since
at high concentfations of t~butyl hydroperoxide the activa-
tion energy is almost independent of the t-butyl hydroper-
oxide/l-octene ratio, it is probable that the change in
activation energy arises from a éhange in the relative
important of kg1, kgys and kg1 in the initiation process
as one changes the absoluﬁe concentration of t-butyl hydro-
pefoxide. |

The greater bohd strength of«the 0-H bond in E—butyl
hydroperoxide as compared to the allylic C-H bond in l-octene,
should produce an increase in the ratio of t-butyl peroxy
radicals‘to‘allylic radicals as the temperature increases.
This increaséd importance of the former should manifest
itself as a decrease in the importanc; of E—Butyl hydro-
peroxide in the rate equation. This effect can only be -
observed, however, at low concentrations of t-butyl hydro-
peroxide. It is observed that in the presence of £ 0.1 M
t-butyl h&droperoxide the kinetic "order" in perioxide is'
0.49 at 30° and 0.16 at 40°.

Since the mechanism‘and the activation parameters
are so strongly dependent on peroxide concentration, one can
study the autoxidation under various t-butyl hydroperoxide

concentrations and determine the "isokinetic" temperaturelzg'
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of different systems. For e#aﬁple, the reaction .was run in
the presence of 0.76 M Efbutyl-iydroperoxide and 0.093 M
t-butyl hydroperoxide. The overall activatidnwenepgy for

the former is 12.1 ¥ 0.7 kcal/mole while that of the latter
is 1.27 * 0.1 keal/mole (-1.0 to 58°). The ispkinétic tem-
perature of these two systems, i.e., the point at which their
respective Arrhenius plots intérsect, is determined to be
—é3° C. This means that the two reactions should have the

same observed rate constant at this temperature.. However,

due to the fact that they do not obey the same rate law, the
two feactions‘should procéed at different rates at -23°.
Théy have the same rate at 30° C. This means that above 30°
the rate of oxygen uptake incfeases with increasing t-butyl
hydroperoxide concentration, while just the reverse is
observed below 30° (see Table ITI).

The isdkinetic point is that temperature at which
. changes in the enthalpy of activation in cémparing one sys-
tem to another are exactly offset by entropy changes and hence
the free energy of activation is unchanged (i.e., §&F = 0).129
In the neighborhood of the isokinetic temperature, such

130 solvén‘t'effects,l31 etec.

things as substituent effects,
may have very little effect on a given set of reactions. The
effect of t-butyl hydroperoxide, if considered a medium
effect, should be smail in the neighborhood of the isokinetic
- temperature. -

The rate of autoxidation is first order in l-octene

up'tb concentrations of about 1 M, after which it appears to
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be less dependent on olefin. It is suggested that as the
concentration increases, termination via'octenyl radicals
begins to compete with the octenyl-oxygen reaction. Since
termination via two octenyl radicals should have a very low
activation ene;:*gylz’+ and a more negative entropy of activa-
fion116 than termination by peroxy radicals, the overall
activation energy should increase and overall entropy of
activation should become more positive as the concentration
of l-octene increases._ These predictions are consistent ﬁith
experimental observations (see Table IV).

A small rate of oxygen uptake by a solution of
.1-octene and chromium (III) acetylacetonate is observed in
the absence of t-butyl hydroperokide. It is suggested that
a metal-olefin complex is formed which is attacked by a
third species (perhaps oxygen) to form a free radical (cf.
Reaction 64). Attempts to discover if the reaction was
dependent on oxygén were unsuccessful because of the low'rate,
of reactibns. However, by using relatively high l-octené
concentrations it was observed that the rate law, under the
conditions studied, is: .

(127) -d[0,1/4dt - KopglCr10+S[CgHy 1 CHyCH=CHp 1L+ 5

This equation is consistent with the following mechanism:
(128) Cr(III) + CgHyqCHyCH=CHy——2—>1T"

where Z = any active specigs in the system (see p.42 )
(129) "I+ + CgHyqCH,CH=CH, —> CgH,;CHCH=CH, + IH

(130) C5H11(.3HCH=CH2 + 09 —_— C5H118HCH=CH2
20
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(131) CsH1fHCH=CH, + CgHy CHpCH=CH, —_—

| CSH11CHCH CH2 + C HllgHgH CH2
(132) 2 CghygHCH=CH, —— inactife products
The overall activation energy for the "non-t-butyl hydro-
peroxide" reactlon is 18.2 kcal/mole or about 6 kcal/mole
more than the reactlon involving t-butyl hydroperox1de (see
Table IV). Since the prppagatlon and termination steps in
both systems should be.similar, fhe éxtfa 6 kcal/mole can be
attributed to the difference in the initiation process.
Since a difference in the overall activation energy of
6 kcal/mole would mean a difference of abOutllz kecal/mole in
fhe activation energy of the inifiation proceSs‘(Eoverali
= 0.5 Ej + Ep - 0.5 Et)121 then Reaction>128-shoﬁld play a |
relatively small role in initiating the autoxidation in the
presence of‘EQbﬁtyl hydroperoxide.

E. Chain Lengths.--The number of substrate molecules

that are consumed in a. chain process per radical produced
in the initiation process is called the chain leng‘th.132
This quantity may be e#pressed as the ratio of the propaga-
tion rate to the initiation rate (or the termination rate).
If it is assuméd that all the initiation processes
- in the systems studied here involve the disappearance of
chromium (III) acetylacetonate then the rate of chromium
(III) acetylacetonate disappearance is a measure of the
initiation rate. This rate should be corrected for non-

radical producing reactions involving chromium (III) acetyl-
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acetonate (e.g., Reaction 62). However, these probably do
not become importanf until high metal concentrations or high
temperatures are reached. For the autoxidation of l-octene
in the preéenCe of chromium (III) acetylacetonate and t-butyl
hydroperoxide, the rate of Propagation is simply the rate of
'oxygen uptake and therefore the initial chain length for the
autoxidation (W,) is given by: | |

(183) V), = (-d[0,1/dt) 4/ (-dlcrl/at)

The propagation rate for the chain decomposition of t-butyl
hydroperoxide is given by the observed rate of peroxide dis-
appearance. This rate should be corrected for the t-butyl
hydroperoxide that disappears via a direct interaction with
metal in the initiation process (Reaction 60). Again, however,
under conditions where a chain process is OCCurring this
correction is extremely small. Therefore the initial chain
length for t-butyl hydroperoxide decomposifion (\)P) is
_given by:

(134) Vp = (-d[t-Bu0OOH1/dt)y/(-dlCrl/dt) "

Valugé for \70 and ‘9P under various conditioné are given in
Table V. Although V), is fairly independent of concentration
_conditions \)p rapidly approaches unity and the chain dis-
appears. As mentioned above (see p. 64) the disappearance of
the chain is accompanied by a marked change in the rate law
for t-butyl hydropéroxide decomposition - from first order in
peroxide to fourth order - as the metal-peroxide reaction
becomes the primary mode of decomposition.

Mesrobian and Tobolskyl" observed that in autoxidations
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which pfoduced hydropeoxides, it was possible to attain con-
ditions in which the rate of decomposition of the hydroper-

oxide became equal to its rate of production. These authors
.showe& that as this steady state concentration of hydroper-

oxide is approached the chain length apéroaches unity.

In the chromium (III) acetaylacetonate~t-butyl hydro-
peroxide initiated autoxidation of l-octene it is not possi=
ble to achiéve such conditions due to.the presence of t-butyl
hydroperoxide. According to Mesrobianand Tobolsky's model,
the hydroperoxide formed from the substrate is responsible
for the initiation of the autoxidation. In the system under
study here, the autoxidation is initiated primarily via the

chromium (III) acetylacetonate-t-butyl hydroperoxide reaction.

Thus even under conditions where metal-octenyl hydroperoxide

initiation is appreciable (i.e., low t-butyl hydroperoxide
concentrations) the only observéd effect is a slight increase
in chain length. This increase is possibly due to a relative
increase. in the propagation rate since fewer radicéls are
intercepted by t-butyl hydroperoxide molecules.

It would have been of interest to study the non-
peroxide induced autoxidation in terms of Mesrobian anﬁ
Tobolsky's model, but it was difficult to obtain a reliable
initiation rate under these conditions, because the rate of
chromium (III) acetylacétonate disappearance under these
conditions is too slow.

In general both }) 4 and \)p are found to decrease

with increasing temperature. This reflects the larger
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activation energies required for the initiation steps

relative to those required for the propagation steps.

ii. Solvent‘Effect
Results'

Table VI presents data on the disappearance rates of
t-butyl hydroperoxide and chromium (ITII) acetylacetonate and
the rate of autoxidation of 1—octené in variéus solvents. It
is found that there is very little variation with solvent
in the rates of the disappearance éf.Ehroﬁium (III) acetyl-
acetonate and t-butyl hydrbperoxide under equivalent concen-
tration conditions. The oxidation rate shows a larger

"dependence on the solvent. The fastest rates are obsefved
in normal or chlorinated aliphatic hydrocarbons. Cumeme
and_tetralin also show appreciable’autOXidétion rates,
however neither is as fast as would be expected on the basis
of previously observed oxidation rates for thesebtwo com-
pounds.22 N,N—dimethylformaﬁide and glacial acetic acid

-give very rapid fates but both of these compounds undergo
rapid autoxidétion themselves under these conditions. Hence

' the éignificance of the solvent effect in theée experiments
cannot be estimated, but the generality of the initiator
system is indicated. |

Aromatic solvents and solvents containing oxygen
atoms invariably reduce the autoxidation rate (see Table VI).

In a series of runs varying the ratio of benzene to l-chloro-

octane it was found that as the benzene concentration
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Table VI: Solvent Effects on the Rate of Autoxidation of
1-Octene and the Rate of t-Butyl Hydroperoxide
and Chromium (III) Acetylacetonate Disappearance?

(30°)
Solvent Solvent (- AOE/At) (—A[t—BuOOH]/At) (- A[SP]/At)
‘ Cone.P x 10 M/sgc x 104 M/sec x 10 M/sec
M .
1-Octene 5.97 3.12 n€ : n
1-Chloro- A
octane® - - 6.75 0.0 1.77 . n
" 3.06 2.25 0.76 ‘ 6.46
n-Heptane 2.73 2.40 1.01 o 8.24
sym-Tetrachloro- _
. ethane 3.81 . 2.08 0.68 n
CClu 4,15 3.08 0.51 n
Benzened 6.31 0.0 n n
" 4,51 n 0.91 : . 7.22
" 0.68 1.38 n n
" 1.36 0.95 n n
Naphthalene 0.57 0.71 n n
- 0.37 n 0.30 n
Phenyl Ether 3.28 0.82 ©.n n
2.52 n 0.31 n
Chloro- .
benzene 3.90 0.36 . 0.88 n
Cumene . 2.88 . n 0.32 7.61
" 1.4y 2.56 n n
Tetralin 2.94 n O.41 n
" 1.47 1.42 n n
Pyridine 4,98 0.50 1.15 5.92
t-Butanol 5.56 0.23 n n
" ' 4,28 0.19 0.83 10.4
Ethanol . 6.84 0.24 n n
Methanol 9.96 0.0 0.56 8.85, 9.92F
Acetic Acid §5.25 3.30 n ' n
" 7.00 ° n 0.27 9.00
" 9.10 7.09 n n
Ethyl
Acetate 3.07 0.71 n - n
" 4,08 n 0.35 n
N,N-dimethyl- ' :
formamide b,96 n 0.66 8.00
‘ 3.71 2.11 n . n
p-Dioxane 4,71 0.27 . 0,59 n
a in vacuo b All runs cited contain 4.00 x 10~% M

Cr(acac 5 0.76 M t-BuOOH (except where noted); 2.56 M l-Octene
(except 1n first two cases). ,

¢ no l-octene present d t-BuOOH concentration 0.37 M
e n = no data f oxygen not excluded from this run
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increased the oxidation rate decreased, until at a concen-
_tration of 6.31 M‘(SG%) benzene, there was no perceptible
oxygen pick-up for 72 hours.

In a éeries of alcohols it was found that t-butanol
and ethanol retarded the autoxidatioh to the same extent
(ca. 90%), while in methanol, a gas was erlved for about
one hour after the reaction had started. It was shown that
this gas is formaldehyde.

Induction periods were obserVed in diphenyl ether,
ethanol, ethyl acetate, and p—dioxané.. In the first case
Fhis may have been due in part to a phenolic impurity as
it was observed that the induction peribd was reduced to U0
minutes from 150 minutes after washing the ether with aikali
followed by distillation and dryiﬁg.

The induction periéds observed for ethanol, ethyl
acetate, and p-dioxane may be due to the formation of
volatile products (as in the case of methanol) which lower
' the apparent rate of oxidation (in the case of methanoi
there is more solvent per mole of l-octene than in the other
systems). The production of low molecular-weight compounds
indicates that the solvent is being oxidized in preference
to the olefinf

Discussion

A. Oxygen-bearing Solvents.--The results of Table VI

indicate that the rates of chromium (III) acetylacetonate

disappearance and t-butyl hydroperoxide decomposition are

essentially solvent independent while the rate of autoxida-
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tion shows é strong solvent dependéhce.

Although the rate of chromium (III) acetylacetonate
disappearance varies by less than a factor of two over the
whole range of solvents studied, it appears to be slightlyv
_greater in t-butanol, methanol,‘and acetic acid than in
other solvents. This apparent increase in rate may be due
to the complexing ability of these solvents,u7a and the
resulting }igand exchange (see Equation 135) which facilitates
the change in oxidation state of the chromium, thus removing
the observed species (chromium (III) acetylacetonate)llu
. from the systenmn.

(135) Cr(acac)z + nL. —> Cr(acac)g_ L, +:n(acac)

where L = any ligand. The same effecf is observed in the

presence of some phenols and other compounds used to inhibif

the free radical reactions (see p.l1ll2 ), Aromatic solvehts,

although known to complex with chromium (III) acetylaceton-

atel33 apparently ﬂave no effect on the disappearance rate.
t-Butyl hydroperoxide i& known to undergo a chain

decomposition in the presence of freé radicals.13% It may

be shown that in the presence of chromium (III) acetylacetonate

the decomposition of the perokide preceeds via such a process

with chain lengths of 103-10Y%. The following reaction

scheme is consistent with the observed data (see Kinetics

Section, p. y2 ) (I* = any initiating radical).

Initiation

(136) Cr(acac)g + t-BuOOH ——> I°

(137) I+ + t-BuOOH —> t-Bu00* + IH
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(138) I+ + t-BuOOH ——> +t-BuO+ + IOH
Propagation |
(139) 2 t-Bu0O* — 2 t-BuO- + 0y
(140) t-BuO* + t-BuOOH —> t-Bu0O- + t-BuOH
Termination
(141) 2 t-BuO° L — inaétive products
(142) t-BuO* + t-Bu00® — inactive products
(143) 2 t-Bu0O* ——>  inactive products

In the presencé of olefins, an additional reaction
can compete with éttack on the peroxide: |
(144) R+ + C5H110H2CH'=CH2 —> CgHyjCHCH=CHy + RH
where R. is any radical in the system. Evidence for Reaction
144 comes from the fact that at '30° in l-chléoro8ctane- the
rate of debomposition is more than twice as fast in the
absénce of l-octene as ‘in its presence. Furthermore, it is
.observed that as the temperature increases the importance of
Reaction 144 is diminished. Based on bond dissociation
energies (Dpog_p = 84 keal, Dallyl-g = 77 keal)*s125 the
attack on an allylic hydrogen should require a lower activa-
tion energy than attack on the peroxide hydrogen. Therefore
as the temperature increases, the relafive importance of
attack on the olefin compared to attack on the hydroperoxide
diminished (see Table III). A possible alternate explanation
for this temperature effect is the intervention of -Reaction
145 at higher temperatures. A similar reaction has been
suggested for the styrene induced decomposition of E—bufyl

hydroperoxide at 70°.126
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(145) t-BuOOH + RCH=CH, - —> t-Bu0O- + RCHCH,
However, considering the energetics involved and the effect
of the olefin structure, it seems unlikely that Reaction 145
plays a significant role in the present systeﬁ.

| Any active hydrogen atom donor can participate iﬁ a
reaction analogous to Reaction 144. Thus in the presence of -
cumene or tetralin, twobdemonstrated sources of hydrogen
atoms, the rate of t-butyl hydroPeroxide decompesition is
reduced by a factor of tﬁo to three compared to solvents
with no abstractable hydrogen (e.g., l-chlorofctane or
benzene). Alcohols or ofher compounds ha§ipg hydrogen étoms -
alpha to an oxygen atom also react readily with free radicals
(see Reaction 146).}35
(146) R+ + R'CH,OR'' — R'CHOR'' + RH
For example, it has been shown that t-butoxy radicals attaék
the hydrpgen atoms alpha to the oxygen atom in diefhyl ether
some six'times faster than the carbon-hydrogen bonds in

cyclohexane.136

It is also observed in this work that at

'30° there is a small but definite retardation of the t-butyl
hydroperoxide- decomposition rate in methanol, ethyl acetate,
acetic acid,'and p-dioxane. A rate reduction'of fhe same
magnitude in carbon tetrachloride, a well-known chain trans-
fer agent,137 and, as mentioned above, in tetralin and cumene,
is also observed. Furthermore, it is noted that this effect
is absent in t-butanol, consistent with the absence of a

hydrogen atom alpha to the hydroxyl_group.;35 >From considera-

tion of bond dissociation energies,43125 Reactions 1i4 and
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146 should have a lower activation energy than reactions
involving attack on the peroxide oxygen. Therefore, as the
temperature is increased, these latter r®actions begin to
compete favorably with reactions such as 144 and 146.
Indeed, the presence of substances which retard the reaction
at low temperatures due to their ease of forming radicals,
can_actually promofe the  reaction via induced decomposition134
at higher temperatures. Thus, Stannetf’and Mesrobianl38 nave
shown that the decomposition of t-butyl hydroperoxide at
73.5° proceeds at a faster rate in certain alcohols, dioxane,
and di-n-butyl ether than in benzene or cyclohexane. As
mentioned above, in the present work it is observed that at
30° the rate of t-butyl hydroperoxide deéompoéition is more
than twice as fast ip the absence of l-octene than in its
presence, while at 50° the presence of olefin causes a 20%
increase in the rate.

In the presence of oxygen, the radicals formed in
Reactions 144 and 146 will be scavenged rapidly to form
peroxy radicals: 68 z

(147) CgHy,CHCH=CH, + 0y ——> CyHy 1 GHCH=CHy
L] . 2.
(148) R'CHOR'' + 0, —> R'SHOR"
2'
These peroxy radicals are the primary chain-carrying species

in the autoxidation via Reactions 149-152.

(149) CsHllgH?H=CH2 + C5H110H20H=CH2
2

CSHllgHgH=CH2 + CSH119H0H=CH2
2
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(150) CSH118H0H=CH2 + R'CH,OR" —> CSH118H§H=CH2 + R'CHOR"
2" o 2

(151) R'gHOR" + CgH,4CH,CH=CH, —> R'CHOR" + CgH,,CHCH=CH,
. H . * .
2 2%

(152) R'GHOR" + RCH,0R" —>  R'CHOR" + R'CHOR"
2- . 2H

There should be little difference in the rates of Reactions
147 and 148, or in those in the sequence 149-152 (which are
the rate—determihing steps of the propggatioh sequence) -so
that the presence of oxygen-bearing solvents should have
little effect on the propagation steps of the autoxidation.
It has been shown, furthermore, that there is little effect
of solvent on the rate of chromium (III) aéetylacetonate
disappearance or the rate of t-butyl hydroperdxide decompo-
sition . Since the latter reaction is essentially initiated
by the same reaction that initiates the autoxidation, i.e.,
Reaction 60, and since the rate of reaction is primarily the
rate of chromium (III) acetylacetonate disappearance, it is
clear that solvents which retérd the autoxidation cannot do
so via the initiation- step.

Since primary and secondary peroxy radicalé'terminate
mainly via transfer of an alpha hydrogen atom,22 i.e., dis-
proportionation (Reaction 153), the rate of termination
depends to a large extent'oﬁ strength of the bondbetween this
hydrogen atom and the carbon atom to which it is attached.
(153) 2 R9oCHO9* —> R9C=0 + RoCHOH + 09
It is clear that this bond will be weaker when it is alpha

139

to an oxygen atom and therefore radicals of the type
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R'gHOR" will terminate faster than R,CHO,* radicals (e.g.,
) ) | |

CSHllgHCHicHz). Indeed, it has been observed that the peroxy

radicals derived from decanal terminate at least 700 times
fa;ter than octenyl peroxy radicals.®8 It should be, noted
-that in‘this system one also has t-butyl peroxy and t-butoxy
radicalé. Howevef, tertiary radicals are known to terminate
at a muéh slower rate than primary or secondary radicals.?2
It is. suggested than lower overall aﬁtOxidation rates are

the result of increaséd termination rates by radicals derived
from oxygen-bearing solvents.

In the absence of oxygen, the chainécarrying radicals
are in general substituted alkyl radicals (The'concentration
of alkoxy radicals must be‘negigible in the presence of D
‘l—octene or active hydrogen-donor solvents); Alk;l radicals
~generally terminate more by ¢ombination.(see Reaétion 154)
than by disproportionation,l#0 especially at low temperatures.
(154) 2 R* ==——> R-R’

Although this is not as certain for allylic radicals as for
saturated radicals, it is probably safe to assume a good deal
of combination in the termination.process. Since the com~
bining of radicals usually requires a very small activation
eneréy,lzu the structure of the terminating radical has
little effect on the overall rate except in very special
cases. It will be observed from the following analysis that
hydrogen transfer cannot play a significant role in alkyl

radical termination in the absence of oxygen. The two com-



- _102-

peting termination steps (via disproportionation) in the
absence of oxygen are given by Reactions 155 and 156:

(155) 2 CSHll?HCH=CH2 ———-3"CquCH=CH—CH=CH2 + CsH130H=CH2
(156) 2 R'CHZQHOR" ——> R'CH=CHOR" + R'CHZCHZOR"

It may be calculatedl3 that Reaction 156 is some 28 kcal/mole
more exothermic than Reaction 155. Therefore, if Reactions
155 and 156 played a significant role in this system, one
would expéct that oxygenated solveﬂts wéuld retard the rate
of t-butyl hydroperoxide decomposition (in thé presence of
l—pctene), to thé-ééme extent that they retard the autoxida-
tion. Since this does notvoccur, it is concluded fhat tﬁe

. termination step does not involve a significant amount of

disproportionation.

B. Aromatic Soivents.——While the effect of aromatic
solvents on the rate of t-butyl hydroperoxide decomposition
or chromium (III) acetylacetonate disappearance,ié hil,
there is a marked effect on the autoxidation (see Table VI).
In the présence of 6 M benzene, no oxygen pick—up is observed
for 72 hour§§ At lower-concentrafions of Benzene, there is
a complex inverse relationship between the rate of oxidation
ands the concentration éf benzene. Even with compounds which
are easily autoxidized, such as tetralin and cumene, the
retardation effect of the aromatic nucleus is obvious (see
Table VII). Under ordinary conditions, tetralin would be
expected to undergo autoxidation at a rate which is some 40

times faster than l-octene, while cumene would be expected

to be 25 times faster at 30°.22 Using the chromium (III)
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Table VII: The Autoxidation of Solvents with Chromium, (III)
Acetylacetonatea and t-Butyl Hydroperoxideb at
30° in l-Chloro8ctane ’

Compound Concentration éf -[d0,/dt] x 106
Compound [M] M/sec
1-Octene | 1.27 i 2.09
Cumene ' 1.44 | 1.88
Tetralin 1.7 2,03
Acetic Acid- 12.20 2,08

N,N-dimethyl :
Formamide - 8.68 . 1.27

a 4%.00 x 10~ M b 0.74 M
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acetylécetonate;szutyl hydroperoxide system as an initiator,
tetralin is autoxidized at about thé séme‘rate as l-octene,
while cumene is slightly slower (see Table VII).

Since arométic solvents have no effect on either the
‘disappearance rate of chromium (III) acetylacetonate or fhe
decomposition rate of t-butyl hydroperoxide, it is clear |
that retardation of the aﬁtoxidation is not through inter-
ference with the initiation step. Furthermore; the complete
lack of effect ﬁpon.the radical reaétions in the absence of
éxygen spggests.thét perhaps the presence of 6xygen’is essen-~
tial to the retarding effect of the aromatic solvents. Since
the presence“of an aromatic nucleus does not apparently
affect the oxidation of aromatic compounds initiated by other

gt may

systems,zz even those systems emplOying‘peroxide94
be assumed that chromium (iII) acetylacetonate is also essen-
tial to the observed effect;‘ Ingold has observed® that some
autoxidations are retarded when run in afomatic solvents and
suggests that this is due'to oxidation of the solvent to a
phenol.

The complexing of radicals122 and even oxygen itselflh2
with aromatic systems is well known. It is suggested that
this complexiﬁg reaction competes favorably with attack on the
substrate (e.g., olefin or hydroperoxide). In the presence
of oxygen this complex is quickly oxidized to a peroxy radi-
cal and thence to a substituted phenol.lu3 In the absence

of oxygen the complex may either dissociate or react with

the substrate; but no retarding species (i.e., a phenol) is
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formed. The sequence may be described by.Reactions 157~

lsl.luu,145

: : (3
- -
w0 Q= OF

2 N
- (158) i)(’? +0, — W
~ S T
A . &
sy | — LN © +11,0
oy NS ;“ _ of
2 : R
(160) b O O + OHs
N> qu . H
~ H ) 2
72 =z
as1) AL + 2
N e N

Since Reaction 158 must be much faster than any of the other

reactions involving the radical formed in Reaction 157

g .
( <C::>Kh ),68 it is clear that oxygen is necessary to

produce the retarding effect of the aromatic compounds.

However, if the peroxy radical ( " ) or the
corresponding hydroperoxide does not decomggse to a phenol
or does so only élowly, the retarding effect will be greatly
diminished. Indéed, one explanation for the lack of such an
effect in most other aromatic systems is that at the higher
témperatures_generally employed in autoxidations, either the
complex formed in Reaction 157 dissociates rapidly or attacks

a substrate molecule (161l). It is clear that this reaction

(161) would compete favorably with Reaction 158 only as the
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temperature increased, assuming a difference in activation

energy. Furthermore, the peroxy radical ( O ,?' )

L)

or its corresponding hydroperoxide could yield.non-aromatic
products which would not necessarily be effective radical
chain inhibitors. A reaction of this type might require
more energy than the formation of an aromatic compound and
thus would be favored only at elevated temperatures. In low
temperature autoxidations,‘initiated by other systems, the
decomposition of peroxy radical or hydroperokide:might be
very slow. However, in the presence of chromium (III)
acetylacetonate, which has been shown in this system to
decompose t-butyl hydroperoxide, it would be expec£ed that
the decomposition of the hydroperoxide indicatéd_in Reaction
159 would be greatly facilitated. The chroﬁium (III) acetyl-
"acetonate also may act on the system in anotﬁer way. It is
knownl33 that the chelate complexes readily with aromatic
solvents. This complexiﬁg might facilitate radical attack
on the aromatic nucleus (Reaction 157). The radical (R*)
depicted in Reaction‘}57 is either a peroxy radical or an
alkoxy radical; in either case, the radical has electrophilic
properties. Complexing may therefore accomplish any or all
of the following.  If the electron density on the aromatic
system is'incréased, attack by electrophilic species would
be enhanced. Furthermore, the radical complex formed could

be stabilized by delocalization into the 3d orbital of

chromium, this orbital being energetically between the lowest
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empty molecular orbital and the highest occupied molecular
orbital of the aromatics.l33 Alternatively, complexing may
enhance abstraction of an aromatic hydrogen (Reaction 162),

normally an extremely endothermic process.

‘ . [ J

Again, in the presence of oxygen the phenyl radical is
readily transformed to a phenylperoxy radical and thence,
perhaps through 'the intervention of chromium (III) acetyl-

acetonate, to a phenol (Reactions 163-164),

: o,
(163) [:::] t 0, —>
o o

’

It has been demonstrated that in the presence of

e

oxygen and chromium (III) acetylacetonate, aromatic compounds
become effective retarders of free radical reactioné probably
through production of phenols. This reactiontsystem might
prove useful as an oxidation inhibitor or retarder or even
for the synthesis of phenols. In any case it is a system
worth further inveS'l:‘:i.ga't:ion.l“’6

Retardation in some systems has been attributed to
increaseé viscosity of the medium.2? Other workers2l have
failed to find a marked effect of viscosity. Two systems

which clearly were more viscous than most (diphenyl ether

and 0.4 M naphthaiene) also showed retardation of the
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autoxidation. The explanations favored here for this
retardation are those discussed above indicating phenol

formation.

C. Mixed Autoxidations.--Before leaving this éubject
it would be interéstipg to consider the effect of tetralin
‘and. cumene on the autoxidétion of l-octene. Although the
unexpected sloWness of the autoxidation of either'tetralih
or cumene alone may be explained by the considerafions.given
above (i.e., the fornation of phenolic coﬁpéunds) there is
"an alternate explanation for the behavior of the mixed
' autéxidations of either tetralin or cumene with octene. It
will be noted that the autoxidation of a tetralin-l-octene
mixture proceeds at a slower rate than that of either com—
pound alone (see Tables VI and VII). This phenomenon cannot
be attributed to the same factors which cause the retardation
of cumene autoxidation by tetralin,i47 i.e., via chain
tranéfer to tetralin. Tetralyl-peroxy radicals terminate
some 35 times slower than octenyl peroxy radicals at 3d°22
and this decrease in the termination rate would tend to
increase the rate of oxidation. However, the present situa-
tion is not entirely analogous to the cumene-tetralin system.
The ratio of tetralin to cumene was much smaller147 than the
tetralin-l-octene ratio employed here. Secondly, tetralyl-
peroxy radicals terminate more than 500 times faster than.
cumyl—pefoxy radicals and propagate 40 times .faster, whereas
. they propagate only 6.5 times faster than octenyl—beroxy

radicals.?? Therefore, it is suggested that much of the
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effecf observed in the tetraliﬁ—l-octene autoxidation is due
to the retafdation~effect of aromatic compounds observed in
this system. On the other hand, chain transfer seems to play
a slightly more important role in- the mixed autoxidation of
cumene and.l-octene. It was observed that cGumene caused a
slight accelerating efféct on the rate of oxygén uptake
relative to l-octene alone (see Table VI). Furthermoré, it L
was obsérved that the reaction was autocatalytid, the rate -
almogt doubling as the reaction proceeded (see Figure 21).
Chain transfer to the cumene results in the formation of
cumyl-peroxy radicals which terﬁ&nate 20,000 times slower
and propagate five times slower than octenyl peroxy radicals
at 30°22 and are therefore responsible for the observed rate
enhancement. This rate enhancement is slight, probably
because of the retarding effect of the aromatic nucleus. It
is interesting to note that cumene does not, according to
this assumption, complex as-well with chromium (III) acetyl-
‘acetonate as do some other aromatic compounds, perhaps for
steric reasons.l33 If aromatic-chromium (III) acetylacetonate
complexing plays an important role in the retarding effect
of the aromatic compounds, this effect would be expected to
be less with cumene.

It is suggested that chain transfer to the cumene is
from the octenyl or the octenyl-peroxy radical and not direct-
ly from the initiating radical, since no autocatalysis is
observed in the absence of the olefin. The autocatalysis

may be due to the slow build up of a more reactive hydro-
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peroxide (C%HSS(M6)2)' The initiating radicals which are
H
2

‘probably for the most part t-butoxy radicals attack the less
hindered allylic hydrogen of l-octene in preference to the

tertiary hydrogen of cumene,1u8

forming the less hindered’
octenyl (or octeﬁyl peroxy) radical. Since steric effects
aré not as important with this latter radical as with the
t-butoxy radical, it attacks the cumene rather than another
olefin molecule, this.being the more'energe%ically favored
reaction (see Reactions 165-168).

(165) t-Bu0*"+ CBH13CH=CH2 — CsHllc.:HCH;CHQ + t-BuOH

(168) CgHyjCHCHSCH, *+ 0y ——>  CgHy GHCH=CH,
2

(167) CSH118H0H=CH2 + C6 5
2.

H CH(Me)Z—'—')

CSH118§§H=CH2 + CGHSC.I(Me)2

—_—
(168) CBHSC.J(Me)2 + O2 CGH58;¥e)2

9

The suggestion that aromatics and other solvents reduce the
apparent oxygen uptake by enhancing the decomposition of
peroxide and thus the production of oxygen obviously has no
basis in fact in this system. The effect of solvent on the
decomposition rate is only slight. It has been shown that

the evolution of oxygen from mixtures of chromium (III) acetyl-
acetonate and t-butyl hydroperoxide are negligible at 30°

( £ 5%) (see Experimental Section, p.137 ). In the case of
methanol, a good deal.of evolufion was noted butiit has been

shown that this is due to the oxidation of methanol to
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fon:*maldehyde.ll*9 When the evolved gas was trapped in a
solution of 2,4-dinitrophenylhydrazine a. yellow precipitate
was obtained. The substance was recrystallized from chloro-
form. Upon mixing with a sample of formaldehyde 2,4—qinitr0r
phenylhydrazone the melting point (164-166°) was undepressed

(1it. m.p. for 2,4-dinitrophenylhydrazone of formaldehyde =
166°).150

iii. Inhibitor Study
Results

The data of Table VIII indicate that small amounts
of known free radical inhibitors will inhibit the autoxida-
tion of l-octene initiated by chromium (III) acetylacetonate
and t-butyl hydroperoxide, and the decomposition of t~butyl
hydroperoxide catalyzed by chromium (III) acetylacetonate.
The effect of these compounds on the rate of chromium (IID)
disappearance is small. The data also indicgte that the
stoichiometric factor for many of these inhibitors is 2,
which is consistent‘with a mechanism in which one_inhibitor
molecule intercepts two chains. There is evidence, furthér—
more, that the efficiency of the inhibitors in the peroxide
decomposition chain is sensitive to the structure of the
phenols. Inhibition of autoxidation chains appears to be
less sensitive to inhibitor structure. This suggests that
the chain-carrying species is different in the two reactions.
Finally, there is indication of a reaction between phenoxy

radicals and hydroperoxide to form radicals capable of



Table VIII: The Effect of Some Free Radical Inhibitors on the Rate of Autoxidation®
of 1-Octene and the Rate of Disappearanceb
acetonate and t-Butyl Hydroperoxide (30° in l-chloro8ctane)

of Chromium (III) Acetyl-

Inhibitor Inhibitor Induction R d R © nf o T Ra.& R |
Conc Period® 03 0. M x 10° Cr P
M x 10% sec x 10~
Nitrobenzene 1.63 5.2 0.165 1.08 0.77 6.7 2.43  5.89
Aniline 1.08 8.5 . 0.500°  1.94% 2.14% -0.5 2.72  4.03
Ethylene diamine 1.83 3.0 0.130 0.851 0.34 10.1 2.06 7.10
Pyridine 2.03 4.0 0.073 2.11 0.28 11.6 1.43  5.21 A
°‘—Toco§herol 1.12 6.8 - 0.500 1.85 1.65 1.3 2.72  2.07 ;
BHAL : 1.28 8.3 0.408"  1.59 2.32 -1.4 3.58 4.2y
DOPJ 0.75 5.0 0.113 1.22 2.86 <-2.2 4.29 8.95
Phenol 0.u44 3.5 0.114 1.01 2.99 -1.4 3.72 1.59
Phenol 1.7y 8.7 0.491  1.52 2.00 0.0 4.00 2.26
NDeAK -1 n™ n n n n 1.71 2.07
None - - 9.00° 2.u4P  __ - 2.68 13.7

(continued)
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‘Table VIII: continued

a

oxygen.pressﬁre = 1 atmosphere, [l-octenel = 2.56 M,

[Cr (acac)g],= 1.6 x 10~3 M, [t-BuOOH] = 0.76 M.

in vacuo, [l-octenel] = 2.56 M, [Cr (acac)3] = 1.6 x 1073 M,
[t-BuOOH] = O.7é M.

for autoxidation

rate of oxygen uptake during induction period x 106 M/sec
" " " " after " " wonoon |

see text

RCr = rate of Cr (acac)g disappeafance x 108 M/sec

Rp = pate of t-BuOOH disappearance x 105 M/secA

mixture of 2- and 3-t-butyl-W-hydroxyanisole

2 ,6~dioctadecylphenol

nordihydroguaiaretic acid

satﬁrated solution (ca. 10~3-10""% M)

n = no data

some evolution noted during induction period

rate for first 1000 seconds

rate after 5000 seconds
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initiating chainé. This reaction is sensitive to groups in
the ortho position of the phenoxy radical.
| Discussion

A. Phenols.--Phenols have long beén'known to inhibit
free radical reactions.l%l The usual mechanism described
for this inhibition is abstraction of the phenolié hydrogen
to form the highly stable phenoxy radicall52 (Seé Reaction
169).
(169) R+ + CgHgOH ——>  RH + csﬂso-
It has been observed that large groups ortho to thé hydroxy
_group reduce the inhibiting efficiency of the phenol.79 In
this work several phenols were used to inhibit both the
- autoxidation of l-octene and the decomposifion of t-butyl
hydroperoxide. In the latter case, where the chain-carrying
species is the t-butoxy radical, the efficiency of the inhibi-
tor is more sensitive to its étructure than in the autoxidafign
where fhe less hindered octenyl-peroxy radical is the chain-
carrying species (see Tablé IX). It is also observed that
the inhibitors studied are in general about three times more
efficient in the autoxidation than in the decomposition
reaction. The explanation for this may lie in the fact that
Efbutdxy radicals are in.generalbiess selective than secondary
peroxy r'adicail:sz2 and therefore more readily undergo an
energetically more difficult reactiont®3 than the ;ctenyl—
peroxy‘radicals. For‘example, note the following reaction

sequence (Reactions 171-174).



Table IX: Dependence of Inhibiting Efficiency on Structure of Phenol (30°)

0q Hh ©®

" G
R R
[Concl, of Relative Molar Efficiency®
Phenolu b Peroxide
Phenol R ' RT M x 10 Autoxidation Decomposition®
Phenol H H. 1.74 1.00 - 1.00
d , .
-Tocopherol CHg CHg 1.12 1.55 1.58
BHA® H | t-CyHg 1.28 1.37 1.12
"NDeAf . H OH g h 0.09
a Molar Efficiency = percent decrease in rate per mole of initiator
-(uninhibited rate) - (inhibited rate)
(uninhibited rate)(moles of inhibitor)
(Above efficiencies reported relative to phenol) '
b Autox1datlon of l-octene (2.56 M) initiated by chromium (IIT) acetylacetonate
(1.6 x 10-3 M) and t-butyl hydroperoxide (0.76 M) in l-chloroBctane at 30°.
c

Decomposition of t-butyl ngdroperox1de (0.76 M) initiated by chromium (III)
acetylacetonate (1.6 x 10-3M) in the presence of l-octene (2.56 M) in
l1-chloro8ctane at 30° - d 2,6-dioctadecylphenol
mixture of 2- and 3-t-butyl-4-hydroxy anisole

nordlhydrogualaretlc acid

saturated solution - estimated concentration 5 x 10~% M h no data

~9TT-






kq7o[CgHOH] kq 7y [ CgH50H]

(171) t-BuOOH + t-BuO+ =——3%  +-Bu0O* + t-BuOH
(172) CgHZOH + t-Bu0. =~——>  C_H.O: + t-BuOH

_(173) CGH130H=CH2 +'C5H118HC.!H=CH2 -_—>
: 2

5711 2

C.H..CHCH=CH )

.+\CSH118§§H=CH :
(174) CglgOH + CSH118H0H=CH2-*f—b CgHgO* + CSH118H§ﬁ=CH2

2° 20
It is also indicated in Table IX that stefic effects play a
more important role in theé hydroperoxide decomposition
reaction than in the autoxidation.

It is observed (see Table VIII) that as the concen-
tration of phenol increéées‘the,induction period 6f the
oxidation also increases, but the vate of oxygen uptake
during thishﬁéfiod is greater with tﬁe.greater concéntration
of phenol. It is suggested that fhis phenomenon is due to
the fdﬁlowipg._ It is known®® that phenoxy radicals, not
hindered in fhe 2,6 positions, -can attack hydroperoxides
and hydrocarbons to produce chain-initiating free radicals
(Rea:tions 175 and 176). - |
(175) CgHgO+ + RO H — CgHgOH + RO,

(176) CGHSO'.+ RH -_—> CpHgOH + R* .
As the concentration of phenol increases, the relative

importance of Reactions 175 and 176 also increases. Hence,

although the length of the induction period is proportional
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to the phenol‘concentration (thch is fhé‘ndrmél obéérvétidﬁ
in autoxidations), the rate of oxidation during thié pebiod
is also proportionai to phenol»concéntration. This lafter,
observation which is'cbhtrary to the usual f:i.ndi.ngs,79 is
mainly dué toléhe présence of a large ekcess of t-butyl hydro-
peroxide in the présent syétem which increases the importance
of Reaction 175. It is 6b§erved (see Table IX) that 2,6-
dioctadecylphenol (DOP) is the most efficient inhibitor for
the autoxidation but the least efficient for the t-butyl .
hydroperoxide decomposition. The first observation is con-
sistent with participation by the less hindered phenols’®
in chain starting reactions éﬁch.as 175 dr 176. However, in .
‘the decomposition of the peroxide, steric effects are much
more important, either thropgh? t-butoxy radicai—phenol
interactions or direct decomposition of the peroxide_by‘the
‘phenols (Reaction 175). In either case, it is expected.thaf
the more hindered phenols will be the least efficient, which
is consistent with the observed data. The rate constant for
attack of a noﬁ—hindered pheno#y radical on a hydroperoxidé
(i.e., k175) is very similar to thevrate constant for alkoxy .
radical attack on a hydroperoxide (e.g., kl7l)}u’15& rThere_
fore it is noted that there is some induced decompdsition
due to the phenoxy radical and there is a slight acce€lerating
effect on the hydroperoxide decomposition rate when the
phenol concentration is increased (see Table VIII).

It is of interest to determine the number of radical

chains stopped per molecule of inhibitor (i.e., the stoichio-
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metric factor);79k It is pdSsiblé to calculate this from the

rate of the initiation step by qalculatipg the number of
‘radicals produced during the induction pefiod;79 The stoichio-
metric factor (n) is given by Equation 177.

(177) n = Z/N |

where Z = the number of radicals produced duripg'the induc-
fion period‘= rate of initiation x induction period and N =
the number of molecules of inhibitbr originally present.

The rate of initiation is taken as the rate of chromium
(IIi) acetylacetonate disappearance, since it is clear that
this réaction is primarily responsible for the initiation of
the chain reactions (see Kinetics Section, p. 36 ). One
furtﬁer assumption made in calculating n is that each initia-
tion reaction produces’oniy one radical (i.e., a one-electron
change between the chromium (III) acetylacetonate and the
peroxide is involved) (see Reaction 178 and Kinetics Section,
P 42 ). *

(178) Cr(III) + t-BuOOH ——> Cr(IV) + t-BuO* + OH".
(Oxidation of the metal énd scission of the 0-0 bond in the
peroxide are implied from femperature and chromium (III)
acetylacetonate disappearance rate studies)

The reasonableness of this assumption is indicated
kby the obéervation that many of the n values are approximately
2 (see Table VIII). Values in the neighborhood of 2 have
been observed previously.’9580 The usual inhibition mechan-
ism involves reaction similar to Reactions 179 and 180. It

is observed from this sequence that two chains are stopped



_ - -120-
per inhibitor molecule: -
(179) ROO* + CBHSOH ~——3> ROOH + CGHSO'
f180) ROO* + CgHO+ —> ‘inactive products‘
Hammond8p has suggested an alternate mechanism based on
isotope and kinetic studies,l®5 which also accounts for a
stoichiometric factor of 2. .
- (181) ROO* + Inhibitor gZ=—> - Compiex
(182) ROO* + Complex —> inactive products

If the products of Reaction 180 or Reaction 182 are
also good inhibitors, then the stoichiometricvfactor will be
igreater than 2. This has been observed in Seyeral‘cases.79s80
A factor of less than 2 could mean that participation in
reactions such as 175, 176, or'183156>(below) is important
or that inhibition involves a different mechanism than those
indicated above (see Reaction 184). In ReactionllBH the pro-
ducts of the radical-inhibitor interaction either are self-
terminating or are unusually staglé.'
(183) InH + Og =—> In° (InH = inhibitor molecule)
(184) InH + R | ~—— 1inactive products
If it is assumed that deviation from the stoichiometric fac=
tor of 2 arises from participation of inhibitor molecules ‘in
chain initiating processes (e.g., Reactions 175, 176, and
183), then the number of molecules participating in these
reactions may be calculated. Let o4 = this number, then
N - oA = the total number of inhibitor molécules which ter-
minate chains, and Z + 04 = the number of radicals produced

duriﬁg the induction period. Assuming that each inhibitor
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moléculeﬂwill end two chains, then:
(185) 27 +ok = 2

N -t
or - ) .
(186) ok = (2N=Z)/3
Values of oL for various pﬂenolé, aniline, and nitrobenzene
are given in Table VIII. The value of o(‘(as well as n) may
be‘faken to be a measure of the efficiency of the inhibitor.
A negative value of &K indicates a_gréater inhibitor effi-
ciency, i.e., more radicals are intercepted per inhibitor
molecule. It is noted that as the. concentration of phenoi‘
increases of becgmes more positive, indicating lowered
efficiency. It is also observed that both 2,6-dioctadecyl-
phenol and butylated hydroxy anisole (BHA) gave lower ol
values than phenol (in the same concentration range). Both
of these observations are consistent with the idea of pab—
“ticipation by unhindered phenols in chain-initiating reac-
tions. The observation that eA-tocopherol has a more positive
L value than phenol may be more a consequence of the stabil—.'
ity of this molecule towérds attack by peroxy radicalsl5?
than of participation in chain-initiating reactions. The
1arge positive ©4 value of ni;rébenzehe is consistent with
the stabili%y of the peroxo-nitrophenyl radical towards
further radical attack (see below).

Another method of determining inhibitor efficiency
is to assume that some inhibitor molecules do not terminate

chains but also do not initiate new chains. For example, a

' molecule might react with a radical to produce a new but
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equally active vadical. If this number is equal to @ » then
by again assuming n = 2:
(187) z/(N - @) = 2
(188) B = (2N - 2)/2 = 1.50%

‘While the effect of the inhibitors oh the rate of
chromium (III) acetylacetonate disappearance is small, some
of the phenols appear to have a sligﬁt accelerating effect
(see Table VIII).‘ It is possible that this effect is due to
a ligand exchapge reactioﬁ which faéilitates a change in the

oxidation state of the metal. 16

This suggestion is supported
somewhat by the fact that two of the largest phenols (K -
tocopherol and nordihydroguaiaretic acid) have no effect on
the reaction, although 2,6-dioctadecylphenol does. It may
be pointed out, however, that complexing could be‘with the
aromatic ring (see Solvent Section, p.102 ) and therefore
2,6-dioctadecylphenol which has its bulk fcompressed" into
one part of the molecule may participate in complexing while
the tocopheral and nordihydroguaiaretic acid, being more
"spread out," cannot. The extent of this'exchange is appar-
ently not too large, judging from the lack of a significant
dependence on phenol concentration. It is also noted that
this effect is observed to the same extent with much larger
pheﬁol/chromium (ITI) acetylacetonate ratios as well as with
oxygen-containipg solvents (e.g., E-butanol; methanol, and

acetic acid (see Table X).

B. Nitrogen Compounds.-—Inhibitibn of free radical

reactions by amines is well known.1%1 As with phenols, the
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Tabie X: The Effect of Various Compounds onvthe Rate of-
o ?ggg?ium (III) Acetylacetonate Disappearance?
Additive Moles of Additive 5. @b
- : Mole of Cr L1l (acac) ¥ 10 '
Phenol 2.7 1.&
" 10.9 | 1.5
" 545 ' 1.1
" 2,180 1.1
' DOPC 4.7 - 1.6
BHAd 8.0 1.3
t-Butanol 1.07 x 106 1.6
Methanol 2.49 x 108 | 1.4
Acetic Acid  1.75 x 108 1.4

a In the presence of t-butyl hydroperoxide (0.76 M) and
l-octene (2.56 M) in l-chloroBctane in vacuo. [Crl =
1.6 x 103 M for first six values and 4.0 x 10-% M for
last three. : :

b © = -d[Crl/dt in the presence of additive/-d[Crl/dt

in the

absence of additive

¢ 2,6-dioctadecyl phenol

d mixture of 2- and 3-t-butyl-4-hydroxy anisole
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suggested mechanism for inhibition involves abétractioﬁ of
an N-hydrogen to form a more stable free radicalf Agaiﬁ,
'however,.Hémmondso has suggested that complex formation is

a more impbrtant mechanistic route, and in fact has noted
an unstable intermediate in the N,N,N',N'—tetramethyl-p-
phenylene-diamine~inhibited autoxidation of:cumene. In’the
present work it was noted that aniline, ethylene diaminé
(EDA) and pyridine inhibit both fhe autokidation of l-octene
and the decompoSitioﬁ of t-butyl hydroperoxide. It is also
observed that N,N'-diphenyl-p-phenylenediamine acts as an
inhibitor for both reaétions (in experiments using much
larger concentrationé of inhibitor, however). Although
aniline has a stoichiometric factor af about 2, both pyridine
and EDA have factors of less than 0.5 (see Table VIII).

This behavior suggests that, although aniline behaves in a
normal fashion, EDA and pyridine interfere with the initia—
tion process, i.e., retard the chromium (III) acetylacetonate-
t-butyl hydroperoxide reaction. This cQuld be dccomplished
in one of two Ways. Either the inhibitor competes with the
hydroperoxide for a complexing site on the metal or there is
an interaction between the inhibitor and a chromium (III)
acetylacetonate-t-butyl hydroperoxide complex which prevents
the latter from decomposing into a free radical. In either
case, these obserVations strongly suggest the intervention
of a peroxide-metal complex in the initiating step. The
value of about 0.3 for the stoichiometric factor suggests

that ~ 3 molecules of inhibitor are required to stop one
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chain. Aithough pyridine inhiﬁifs thé decomposition of
t-butyl hyd;oberoxide at low concentrations (ca. 10’”'M)5v
when it is used as a solvent (ca. 5 M) it actually enhances
the rate (see Table VI). This apparent anomaly is explained
by the work of Sheng and Zajacek47b who have recently shown
that pyridine reacts slowly with t-butyl hydroperoxide in
‘the presence of chromium (III) acetylacetonate to produce
pyridine oxide. At low concentrations of pyridine this
reaction would be insignificant, but under conditions where
pyridine is the solvent it should play an important role ih
the decomposition of the peroxide. The suggestion that EDA
and pyridine inhibit the initiation step is further supported
by the observation that the rate of chromium (III) acetyl-
acetonate disappearance is somewhat retarded in the presence
_of either compound.

It is observed that nitrobenzene acts as an inhibitor
in bofh the autoxidation of l-octene and in the peroxide
decomposition. The fact that trinitrobenzene was found to
be ineffective as an inhibitor in the autoxidation of cumene80
and that in the present work a stoichiometric factor of
about 1 (see Table VIII) is observed for nitrobenzene sug-
~gests that inhibition by nitrobenzene might be in the initia-
tion process rather than the propagafion steps. For example,
as was suggested for EDA and pyridine, an interaction with
either the chromium (III) acetylacetonate or a metal-péroxide
 complex might take place. There is some retardation of the

chromium (III) acetylacetonate disappearance rate which
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increases with increasipg~nitrdb¢ﬁzéné concentration. It
should be noted, however, that there is much datalsa'which
indicate that inhibition (at least of radical polymeriza-
tions) by aromatic nitro compounds is in the pfopagation
step. The primary mechanistic path fof'this iﬁhibition is
through attack on the ring, although attack on the hitro
_group has: also been spggested;lsel While attack on the ring
by the electrophilic159 peroxy might be retarded by the
presence of the nitro.group,lso the resultipg radical (see
Reaction 189) would be highly stable due to resonance

effects. 161 ' 0
V4
“02- ﬂoz_ “—00

(189) ROO* + —_—> &>
Roo '

| 1

The resulting peroxo-nitrophenyl radical undoubtedly would
be inert to further radical attack and thﬁs one expects the
stoichiometric factor to. approach unity for nitrobenzene.

The effect of known ffee radical inhibitors on the
chromium (III) acetylacetonate-t-butyl hydroperoxide initiated
autoxidation of l~ocfene and the chromium (III) acetylaceton-
ate catalyzed decomposition of t-butyl hydroberoxide has been
studied. It has been.clearly demonstrated that these“are
free radical chain reactions.

Certain of these inhibitors act thropgh the ihitation
process which is essentially the same for both the autoxida-
tion and the hydroperoxide decomposition. Other inhibitors
act through the propagation or termination steps.‘ Therefore

their efficiency is strongly dependent on the chain-carrying
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radical and hence the type of reaCtiOhv(i.e.,,the autdxidaé
tion or the decomposition) involved; Sto;chiomefriq'factors
have been calculated which are used to expléin the mode:of .

inhibition exhibited by the various inhibitors.

iv. Products
A preliminary study was made of the products of the
Efbutyl hydropercxide-l-octene-chromium (III) acetylacetonate
reaction both in the pfesence and absence of oxygen (see
Experimental Section, p. 1l46). The results obtained were

inconclusive and the study is being pursued further.



IIT. Experimental
Chemicals

1-Octene was Phillips researéh‘grade (99.9 mole %)
treated with ferrous ammonium sulphate to remove peroxide
and distilled through a 2-foot Vigreﬁx column prior to use
(b.p. 120-121°). t-Butyl hydréperqxide was obtained from
Wallace and Tiernan Inc. (Lucidol Division) aS'E-butyl hydro-
peroxide-90 and -further purified by distilling off the
lighter impurities under vacuum. Iodometric titrationl82
indicated > 95% hydfoperoxide. The metal acetylécetonateé
(McKenzie Chemical Corp.) were recrystallized from acetone )
and were shown to be pure by their infrared absorption
spectra. Chromium (III) acetylacetonate was dissolved in
benzene and precipitated wifh petroleum ether (b.p.’30—60°)%64‘
~The melting point of the precipitated compound wés 213.5-
214? (1it. 214°).165 Nitrogen and oxygen (Matheson) were used
without further purification. |

The cﬁemicalsbused in the solvent study were pure
_ grade or :&pectrograde where possible and in most cases used
without further purification. Diphenyl ether was washed with
NaOH solution to remove traces of phenol, dried, and vacuum
distilled prior to usé, p-Dioxane, tetralin, and cuméné

were treated with ferrous ammonium sulphate and distilled.

The solvents used in all cases gave negative peroxide tests.

=128~
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Pyridine, ethanol, methanol, and ethyl aéetate were thor-
oughly driedl®8 before using. Glacial acetic acid was
treated with acetic anhydride. t-Butanol was recrystaliized
at 5-10° to remove moisture.

The chemicals used in the inhibitor sfudy‘were taken
from freshly opened bottles and; in general, used without
further purification. Phenol was recrystallized from chloro-
form and aniline was distilled prior to use.

Kinetics

A. Oxygen Absorption.--Oxygen absorption measurements

were carried out in jacketed, 50 ml Pyrex cells. The tempera-
ture was maintaihed at %0.1° by pumping thermostatéd water
through the jacket using an Eastern Industries Model D-6
water pump. In those runs at very low temperatures, ice-
cooled water was run through the jacket. At both temperature
extremes (near 60° and near 0°) the temperature was measured
by placing a thermometer in the réaction solution (see
Figure 22). At a bath temperature of 50° the temperaturé in.
the reaction vessel was also 50°. By ihserting a thermometer
in various places in the reaction vessel and in the Tygon
connecting tube (see Figure 22) it was observed that a tem-
perature gradient of £ 0.5° existed in the vessel itself,
while the oxygen in the burette and Tygon connecting tube
wefe at the same temperature.

Stirring was accomplished by means of an A.H. Thomas
Model 15 magnetic stirrer with a Teflon-coated stibring,bar.

The stirring rate was controlled by a Superior Electric Co.
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Figure 22: Apparatus for Oxygen Absorption Study

A
Tygon connecting tube
077
I 5 .
, burette—»3] :,ia' leveling bulb
Hg—ydl
o—Fp M = ‘ 3
V2] 7Pto Thermostat B —Rubber connecting
Reaction =2 Eool B = tube
mixture Z g
o = ‘
& kidng stand
‘Magnetic
. Stirrer

A = 3-way stopcock
B = ordinary stopcock

I = inlet for thermometer (not shown)

=
"

molecular sieve

o
"

oxygen inlet
S = set .screw

g - standard joint
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Type 3PN-116 "Powerstat." 1In several identical runs differ-
ent stirrers and "Powerstat“ settings were'USed with no
effect Qh the reaction rate (see Table XI). A small test
tube containing ﬁolebular sieve (Fisher Type 4A) was suépended,
in the cell to remove gaseous products which might interfere
with the measurement of oxygen uptake.46

In a typical run, an appropriate amount of chromium
(III) acetylacetonate stock solution (usually 4.0 x 10”3 M
in l-chlorobctane solvent) was charged into either a 10 cc
or 25 cc volumetric flask, using a volumetric pipette. The
desired amounts of peroxide and olefin were added to the
flask again using volumetric pipettes. The solutions were
brought to volume with solvent (usually l-chloro8ctane).
‘The flask was éapped and the solution mixed by shaking. The
solution was then poured into the reaction cell. The top of
the éell which was previously fitted thropgh.grqund glass
joints with a stopper, a stopcock, and a gas inlet tube,
which supports fhevtube of molecular sieve and was connected
through Tygon tubing to the burette (see Figure 22), was tﬁen
fitted to the bottom thropgh‘a.ground_glass joint. All
joints and stopcocks were lubricated with Dow Corning sili-
cone stopcock.gfeéée. The standard joints are noted in
figure 22, The system was then flushed with oxygen by open-
‘ipg stopcock (B) and turning three-way stopcock (A) so as to
bypass the bﬁrette and connect the oxygen tank directly to
the»reactiongcell. After the cell has been flushed for about

ten to twenty seconds, stopcock (A) is. turned so as to con-
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nect the cell with_the burette which has been previously
filled with bxygen (see below). When the level of the
mercury ih the burette has reached that of the meréury in
the leveling bulb, the stirrer is turned on and the s&stem
is allowed to equilibrate for about five to ten minutes and
stopcock (B) is closed. In some cases the mércury level in
the burette was observed to fluctuate. This condition could
be corrected by opening and closing (B) until there is no
further‘fluctuation;

The gas burette used had a total volume of 50 ml
calibrated in tenths of a ml. Before filling it with oxygen,
the leveling bulb was raised so that the entire burette was
filled with mercury. With stopcock (A) turned so as to by-
pass the burette, the Tygon connecting tube is flushed with
oxygen. Without turning off the flow of oxygen, (A) is
turned so as to connect the tank directly to the burette
which is then filled completely with the gas, the leveling
bulb is lowered to a point roughly opposite the 25 ml mark
on the burette and (A) is turned so as to seal off the
burette. When (A) is turned so as to connect the burette
with the reaction cell, the mercury level rises to about the
25 ml mark. With stopcock (B) closed, fhe level of mercury
in the burette is aligned with that in the bulb. by adjusting
a set screw (S) on the latter. It has been observed that -
upon opening stopcock_(B) the volume at barometric pressure
differs from the volume obtained by the technique indicated

above by less than 0.5 ml, corresponaipg to a pressure
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difference of about 0.02 atmosphéreé. Therefore ohly a
slight error (* 2%) is introduced by'assuming the volume of
oxygen is ét one atmosphere. This error is in:any case a
systematic one which will affect each reading equally.

Réadiggs.are faken about every 400;500 secondszfér
nofmal runs, and 50-100 seconds for faster oneé. In order l
to test the reproducibility of the reaéings, a reading Was
taken, the leveling bulb position was changed, and the -
reading taken again. It was found'that the two readings did
not differ by more than 0.02 ml, whic£ reflects approximately
the érror in the scale reading. The above observation was
done in the absence of a reaction system so that there could
be no interference from chemical reaction.

The volume of oxygen was plotted versus time and the
rates were taken from the initial linear portions of these
_graphs (see Figure 23). A graph of an inhibited pun.is
included for comparison (see Figure 24). All reported rates
are within the first hour of reaction. The rate was found
to fall off.with time. The rates were converted from ml/sec
to moles/l-sec by multiplying by a factor which corrects for
STP and the volume of the reaction mixture. The error in
reéding the slopes is ¥ 7-8% by a least square method.l167
The reproducibili&y of identicai runs is approximately 3%
(see Table XI).

No oxygen was picked up over a period of 5.5 hours,
in the absence of metal acetylacetonates, by a solution of

t-butyl hydroperoxide in l-octene. All solvents were shown
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Table XI: Reproducibility of Rate Data?

A. Chromium (III) Acetyiacetonate Disappearanceb

Run -(a[crl/ at)g x 10% M/sec Deviation: % Deviation
1 | f 6.43 | 0.28 4.4
2 5.86 . 0.29. . 5.0

Avg. o 6.15 o 0.29 4.7

B. Oxygen Up'l:akec .

Run ~(8[0p1/at)y x 10% M/sec  Deviation % Deviation
1 | 2.25 - .02 0.9
2 2.33 .06 2.6
3 2.22 | 05 . 2.3

Avg. . 2,27 ‘ .0l 1.9°

C. t-Butyl Hydroperoxide Decompoéitionb

Run - ~-(&[t-BuOOH}/&t), x 10% M/sec Deviation % Deviation
1 0.761 » ‘ . 0.038 5.0
2 0.68 - 0.039 5.7

a [Cr (acac)3ly = 4.00 x 10~"% M, [t-BuOOHIgy = 0.76 M,
[l-octene]0 - 2.56 M in l-chloro8ctane (30°)
b in vacuo

¢ oxygen pressure = 1l atmosphere
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to be inert to oxidatioh under the stated cOnditiqns except
where noted fsee.Solvent Effect Secfion, p. 93 ).
Since the decomposition of t-butyl hyd?operoxide-

89

might produce oxygen an experiment was done to see if oxy-

" gen was produced and at what rate. The reactants were

charged into the reaction vessel as described above, however.

the burette was filled'with;nitrpgen (Matheson) and the

a

reaction cell was flushed with nitrogen. For a mixture don-
taining 2 x 10-2 M chromium (III) acetylacetonate, 0.75 M
t-butyl hydroperoxide, and 5.9 M l-octene, evolution was -
observed at a rate of 1.7 x110'7 M/sec. The evolved gas was
absofbed in a solution of alkaline pyrogallol which yielded
168

a qualitative test for oxygen, i.e., the solution turned

brown. Even if'all of the evolved gas were oxygen, the rate

of evolution fepresents less than 5% of thg‘rate of absorp-

“tion. .Purthermore, the amount of chromium (III)acetylaceton-

ate used in this experiment was fifty times.greater than that
used in a normal run. Using a mixture of 4 2 10-% M chromium
(III) acetylaéetonate and 0.75 M t-Butyl hydroperoxide in.an
inert solvent (l—chloroactané), ng evolution was observed
over a period of seven hours. |

All stock solutions were made up in 25 or 50 ml
Kimax Model "A" Ray-Sorb volumetric flasks. The chromium
(III) acetylacetonate solutions were allowed to remain at
room temperature, but the peroxide and l-octene were stored
in a refrigerator to minimize decomposition. A Mettler Type

H6T automatic balance was used in the weighing of all solids.
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. The general procedure for cleaning the autoxidétion
cells between runs was to wash with a solution of potasgium
dichromate in coencentrated sulfuric acid followéd suéééssiVely
by watér,Abeﬁzene, acetoné; and methanol, and finally drying -
in a stream of air filtered through a column of molecular
sieve. The other glassware used (pipetteé, flasks,‘étc.)
were in general cleaned in the same manner,‘except'that they
were dried on»thé house vacuum 1ine;' It was observed that |
in time the mefcury coated the sides of the levéling bulb’
and the burette. These appafati wére cleaned by soaking in
concentrated nitric acid.

B. t-Butyl Hydroperoxide Dedomposition.~-szutyl

[

hydroperoxide decomposition studies were carried out in the
absence of oxygen. This was to prevent the formation of
other hydropgroxides which would have.éiven erroneous decompo-
sition rates. In a typical experiment, appropriafe‘amounfs
of metal acetylacetonate,.hydropefoxide, énd olefin were
volumetrically pipetted into either a 10 ml or 25 ml volu-
metric flask. The solution was brought to volume with sol-
vent. The flask was capped and the mixture well shaken. The
solution was then divided into three to five approximately
equal portions in new Carius tubes (Fisher Model 7-632 Size ,
D). The ‘tubes were dggagsed three to four times and sealed.
The degassing process invoived attaching the.tube to a mani-
fold, freezing the mixture in dry ice=isopropanol or liquid
nitrogen and pumping out the tube’(pressure w~ 1 torr) for

about 30 seconds. The vacuum line was then closed off by
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means of a stopcock and the mixture ﬁas'allbwed to thaw.
After one to two minutes the mikture had melted and the pfo- -
cess was repeated. In those exbgfiﬁents involving small
amounts of_E}butyl hydroperoxide ( £ 0.1 M), the reaction
mixture would not freeze even at -70° (thé m}p. of l-octene
isv-104°),159 and liQuid nitrogen was used to freeze the
sample tubes.

AfterAthe tubés were sealed, they were fhermostated‘
at the desired temperature and removed at intervals. The
tubes were wrapped in aluminum foil and placed in an immersion
cage in a constént temperature water'bath. Thé.bath tempera-
ture was controlled by a YSI Model 72 "Proportional Con-
troller" to % 0.015.

After a tube was removed, it was cut:open using a
triangle file or a glass cutter. An aliquot was removed
(usually 1 ml) using a voiumetric pipette and the tube was
resealed with a serum cap (A.H. Thomés No. 8826 Sleeve Type
rubber stopper). The tube was then placed in a dry ice-
isopropanol bath to prevent further reaction. Aliquots were
taken for chromium (I1D) acetylacetonate analysis or placed
into a 250 ml iodine flask (Fisher No. 10-094). In the for-
mer case the aliquot was diluted to 10 ml with chlorobenzene.
It was assumed that, once diluted, the reaction was essentially
quenched, because it was found that the peroxide decomposi-
tion and the chromium disappearance rates fell off rapidly
with dilution (see Table III) and that chlorobenzene retarded

the rate of oxidation (see Table VI). If the ébove procedure
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was'followed, i.e., dilution of the original aliquot, then
5 ml of this diluted mixture were transferred volumetrically
to an iodine flask. The iodine fiask had been previously
filled with a émall amount of dry iée and 5-10 ml of glacial
acetic acid. After the aliquot (1 ml nndiluted or 5 ml'
diluted) had been added to the dry ice-acetic acid mixture,
8-10 ml of séturated potassium iodidé solution‘wére added, -
the flask was stirred, and about 5 mi more of acetic acid
were added. A polypropylene wash bottle (Nalge) was used for
the addition of the acetic acid and was useful for rinsing
down the sidés ofntﬁé flask. Thé mixture was capped and
'aqetic acid was placed around the neck for a seal. The
appeérance of bubbles in the seal indicated that carbon
dioxide was being evolved, thus maintaining a positive
pressure in the‘flask. After about 15 minutes 25-50 ml of
water was added and the red-yellow mixture was titrated to a
colorless endpoint using either 0.025 N or 0.1 N sodium thio-
sulfate.182 The burette used in these titrations was a 10 ml
automatic filling burette with.graduations .05 ﬁl apart. The
accuracy in reading the burette is‘i 0.01 ml and the repro-
ducibility of two identical titrations was better than 1%.
The concentration of hydroperoxide in moles/l was calculatéd
from Equation 190:

(190) [t-butyl hydroperoxidel] = ml titre x normality of S903”~

2 x no. ml aliquot

This concentration was then plotted versus time and the rates
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were taken from the initial linear portions of the graph

(see‘Figure 28). The rate was found to fall off with time
| after about ten‘hOurs. Most of thé rates reported are within
thé first five hours of reaction. . The error in readipg'the
slopes is * 2-3% by the least square method. 167

For the rafes'reported usipg the series of metal

acetylacetonates (cf. Table II of Appendix )19 the data.ére
taken over a much ldpger period of time ( » 20 hours) and
the rates are avefage'Qalues over the whole reaction period.
The reproducibility of identical runs is ~ 5% (see Table
| XI). 1In the absehce of metal acetylacetonates, t-butyl
hydroperoxide was found to be stable for at least four days
at 25° in 2,4,u—trimethyl-l—pentene,91 and for about one

week in l-octene at 30°.19

Even in the presence of small
amounts of some metal acetylacetonates there was negligible
decompositidn after one week .under the same conditions.19

C. Rate of Chromium (III) Acetylacetonate Disappear-

ance.--The rate of chromium (III) acetylacetonate disappearQ.
ance is measured by observing the disappearance of the ultra-

15,500 1/mole-cm).llh

violet absorption peak at 336 mm ( €
Samples for analyzing chromium (III) acetylacetonate Were
taken from the same tubes used for t-butyl hydroperoxide
decomposition. As noted in Part B, these sampies were di-
luted by a factor of 10 (in most cases) because of the large
extinction coefficient. In order to keep the transmission
at about 50%, the chromium (III) acetylacetonate concentra-

tion should be about 3.2 x 10-5 M. Again as noted in Part B,
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it was assumed that dilution effectively quenched the
reaction. Thebultra—violet measurements were aone on a
Carey Model 14 or a'Perkin—Elmer Model 202 spectrophotometer.
The reference cell usually contained chlorobenzene which was
used for diluting the’original sample. It was observed that
the presence of t-butyl hydroperoxide increased the absorp-
tion of the chromium (III) acetylacetonate. This was cor-
rected for by making a calibration curve of absorption vergus
hydroperoxide cohcentration'(see‘Figure 26). It was observed
that this curve was linear at ‘low cbncentrations of t-butyl
hydroperoxide but rose sharply at concentrations z' 1.0 M.
Another method for correctiné this was to put an equal con=
centrafionlof t=butyl hydroperoxide into the reference cell
and thus cancel out this effect. The significance of fhis
observation is discussed in another section (cf. Kinetics
Sectioﬁ, p. 36). The chroﬁiﬁm (III) acetylacetonate .solu-
tions were found to obey Beer's law over the range of con-
centration studied (see Figure 27). ~In the absehce-oflngutyl
hydroperoxide, the rate of chromium (III) acetylacetonate
disappearance is negligible for a period'of several weeks
(see Table III). Two consecutive measurements of the same
sample agree to better than Y 0.2 %. The optical density was

converted to concentration in moles/l using Equation 191:163

optical density x 10
€ x path length

(191) [chromium (III) acetylacetonate]

optical density

1.55 x 103

The path length of the quartz cells used was 1 cm. The fac-
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tor of 10 in the numerator is to account for the dilution
effect. The concentrations were plotted versus time and the
rates taken from the slopes of the curves‘(see_Pigure 28).
The graphs ;;;e shown to.be linear over a period of sevefal
days. Usually, the points were only takén over‘the first
three to five hours. The error in reading the slopes is
 2-3% by the least Square method.167 The agreement between

two idéntical runs is A~ 5% (see Table XI).

D. Product Analysis.--Product analysis was done by

vapor phase chromatography on a Perkin-Elmer Model 154 gas
chromatpgraph using a glass, 88-inch, carbowax 20 M column.
'Helium pressure was 10 psi. The column was wrapped with a
Nichrome wire attached to a Superior Eléétric Co. Type
3PN-116 "Powerstat"'so that the column could be heated inde-
pendently of the injection block. The.coiumn temperature
reached ~v 150° when the Powerstat setting = 57 and the block
temperéture was 74°, The retention times of the reactants
and the- products under these conditions are given in Table
XVI. The products were‘identified by retention time com-
parison with known compounds. These compounds were either
purchased or prepared in the following manner.

1. Preparation of CgHj;GHCH = CHo,
o - TT04C(CHg) 5

CgHq1CH=CHCH,0,C(CHg) g, -2-Octenal.-- Following the method of

Kharasch and Fono90 0.033 g of cuprous chloride, 10 ml of
l-octene, and 2 ml of t-butyl hydroperoxide were mixed in a
100 ml three-necked round-bottom flask for about five hours

at 60-70° under a stream of nitrogen. At the end of this
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Table XII:‘ Products of the Autoxldatlon of l--Hexenea in the

Presence of ABCD at 90° (753 mln, oxygen pressure"

= 40 psi).
Product mmoles/mmole of oxygeh consumed®
Hydroperoxided - - .0.258v'
Alcohol® ' | 0.033
~ 1-Hexen-3-one _ » *0.0u42
2-Hexenal ' 0.0u40
1,2-Epoxyhexane 0.048
Pentanal | - 0.017
. Residue . | 0.324

a 384 mmoles

b 8.92 x 1073 M

c 18.l‘mmoles of oxygen consumed
'd mixture of isomers |

e mixture of isomers
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Table XIII: Products of the Autogidation of 1-Octene? in
the Presence of AIBN® at 70° (945 min, oxygen
- pressure = 15 psi) :

‘Produqt mmqlgs/mmq;gqu gxygep_qonsumedc
Hydroper'oxided 0.225
Aléohole;f_ 0.147
1-Octen-3-one® ' 0.138
2-0ctenal® 0.118
1,2—Epoxy§cta;e | 0.042
Residue not measured

a 128 mmolés-

b 9.75 x 1073 M

¢ 1.61 mmoles of oxygén.absorbed

d may be a mixture of hydropéroxideS‘

e may be a mixture of isomers |

f Assignments made on basis of gas chroﬁatpgraphic com-
parison to work cited in Table XII. No rigorous structure

- proof done.
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Table XIV: Products‘of the Reaction? of i OcteneP and
t-Butyl Hydroperoxide® in the Presence of
Chromium (III) Ace'tylace‘tona‘ted ,

Product mmoles of Product % Yie1d~Baéed~on

t-BuOOH Reacted®

1,2-Epoxyoctane 0.007 o 0.09

2-Octenalf,h | 0.095 o 1.25
1-Octen-3-onel | 0.154 2.03
Compound II& 0.141 1.86

a in.l—chloroactane (in vacuo) at 30° for 10 days

b 6.4 M

c 1.6 x 1073 M

d 0.76 M

e Based on complete decomposition of t-BuOOH (see Table III)
and assuming 1 mole of product formed per mole of peroxide.

f mixture of cis/trans isomers

g see tekt-

h See footnote f, Table XIII.
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‘Table XV: Products of the Autoxidation@ of 1- Octeneb in the
Presence of Chromium (III) Acetylacetonatec and
t- Butyl Hydroperoxide  (30°)
Time (days) = 4.0 7.0 1.0

[t-BuOOHl, (M) 3.3 x 107* M 0.095 M  0.76 M

Product . Immoles/mmole of oxygen consumed
Hydroperoxided | 0.018 --g | ‘ --g
1-Octen-3-onel 0.038 0.6uL . 0.752
Compound If 0.045 0.439 0.145
1,2-Epoxyoctane . 0.005 0.029 0.033
2-Octenal®, i 0.068 0.040 1 0.171
~ Residue , --g —-g 0.232%

mmoles of 0,..consumed 0.58 0.67 2.85

% t-BuOOH decomposed , o
(estimated) : --h 100 100

a in l-chloro8ctane at 30°

b 6.4 M

c 1.6 x 1073 M

d may be a mixture of isomers

e may be a mixture of cis and trans isomers

f see text
g not measured
h Due to the extremely low rate of decomposition at this

concentration of t-BuOOH (ca. 0.0, see Table III, footnote
j) it is not possible to estimate the amount of peroxide-
decomposed.

:'T i'vSee>foQtnote f 'of Table XIII.
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Table XVI: Gas Chfomatpgraph Retention Times® of Various

Compounds o
Compound ~ Retention Timé (minutes)‘
1,2 epoxyoctane ?.5
2-octenal® K 10.3
l-octen-3-one® - : '13.5
t-butyl-octenyl perbxideb 19.5
l-octen-3-01 ‘ ' 26.3
Compound I© ‘ | 26.5
Compound IId. ‘ 25.5

a for gas chromatograph conditions see Experimental Section

b mixture of isomers -- see text
c see text
d "unknown" compound from in vacuo reaction of t-butyl

hydroperoxide, chromium (III) acetylacetonate, and
l-octene. See text.

e See footnote f , Table XIII.
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time, 62% of the hydroperox1de had decomposed When a -
0.5 ml sample of the reactlon mixture was 1njected 1nto the
‘gas chromatOgraph under the above condltlons, four product
peaks were observed. One of these was identified as t-butanol
by comparisOn with a genuine sample. The retention times~of
the other three are given in Table XVI.‘ Kharasch and fono
observed the three‘compounds mentioned above. Accordiﬁgly,
the two peroxides were assigned to the two closely spaced
peaks with the long retention times, while octenal was
assigned to the remaining peak. The cuprous chloride used
in the above reaction was prepared by mixirg solutions of
sodium bisulfite and cupric chloride and.slowly adding
sodium hydroxide solution (1-2 M) until a white precipitate
(cuprous chloride) appeared (pH £ 4). The precipitate is
filtered on a Buchner funnel, washed with methanol; and
stored under nitrogen.

2. Oxidation of 1l-Octene Initiated by Azobis-

isobutyronitrile‘(AIBN).--Followipg the procedure of Mayo'ahd
coworkers,12 0.032 grams of AIBN (recrystallized from ethyl
ether) and 20 ml of l-octene were placed in the oxidation
apparatus described in Part A. In 16 hours at 65-70°, the
above system consumed 36 ml of oxygen (p = 1 atmosphere) .

This volume of oxygen is corrected for the amount of nltrogen '
evolved by AIBN, calculated from its rate of decomposition

at 65-70°12 and the lepgth of time of the reaction. Iodo-
metric titration indicated that 0.36 millimoles of hydro-

peroxide had formed during the reaction. A 9 M 1 sample of
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the reaction mixture was injected into the;gas-chrbmatégraph. f
Tﬁe peaks and their retention timeS*arefgiveh in‘Tables‘XiIiQQ__
and XVI. The assighments are made on the basis of théfpro-'
ducts reported by Mayo's group for the autoxidationkofv
l-hexene under similar conditions.’0
Product analysis was done on systems that had
absorbed oxygen, as well as those that did not (see Tables
XTIV and‘XV). The oxygen absorption samples were taken from
systems described in Part A. The oxygen-free samples. were

taken from Sysfems described in Part B. In no case was a

solvent used for product studies.




Summéfy
In this dissertation we have attempfed t§ solve some
problems pertaining to mefal-hydrbperoxide reactions.
Althopgh'several questions‘rémainvunanswered, we believe:
that we have éhown the generality of the system in a variety
of reactions and have indicated the feasibility of using
this system as a possible investigative tool in free radical

chemistry.’
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Appendix I

The Destructive Autoxidation of Metal Adetyiécetdﬁd%es‘

Mendelsohn et al.u6 have repdfted,that some metai

acetylacetonates will undergq deétructi?e autbkidation‘atA

100°>in diphenyl éthér.‘ However ;hromium (III)daééfyl—

acetoﬁaté was shown to be inert under these conditions.

It was shown in our work thﬁt aromatic solvents including

diphenyl ether had a marked effect on thé‘chromium'(iII) B

acetylacetonate—z-bufyl hydrOPeroxide;initiafed‘autoxidation

‘of l-octene. Furthermore Angelescu et al.13%

have éhown
that chromium (III) acetylacetonate is strongly compleXed.
by arbmatic solvents. Accordingly, it is felt that itumight
be constructive to reinvestigateAfhe“autoxidation of metal
acetylacetonates and perhaps make a general study of soiQent
effects in this system. |

Some preliminary work has been done using l-chloro-
. octane for a solvent. It was observed that a solutidn of
chromium (III) acetylacetonate in l-chloro8ctane picked up
oxygen at a slow rate which was attributable only to the
chelate. Work is being continued.on this systém, and it is

possible that the order of reactivity or the reaction

mechanism will be affected by a solvent change.
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Appendlx IT-
Free Radlcal Reactlons Involv1ng Hydrogenﬁ
Abstractlon from Metal Acetylacetonates
Grltter and Patmore171 have shown that free radicals

produced from di-t-butyl perox1de‘can abstract hydrogen

“atoms from the ligand portion of metal acetylacetonates.

IndictOr and Linder“5 have suggested thatbthe metal acetyl-

agetonate—tfbutyl hydroperoxide-catalyzed polymerization of

. o

styrene is initiated by a radical derived from hydrogen
abstraction from the chelate. |

Although this is a possible mechanism for the

- chromium (III) acetylacetonate-t-butyl hydroperoxide-

. initiated autoxidation of l-octene and the chromium (III)

acetylacetonate-catalyzed decomposition of t-butyl hydro-
peroxide, it was felt that the initiating radical was pro-
duced via an oxidation-reduction mechanism because of the

demonstrated existence of a Cr(VI) species, and other data

. which are discussed in this dissertation. Furthermore, the

small concentrations of metal employéd in these reactions
would tend to make attack upon the chelate a negligible
reaction, particularly in the systems where the chain -

iengths are long. It should be noted that the only metal

acetylacetonates which react with t-butyl hydroperoxide

to catalyze free radical reactions are those which are

multivalent19 and thus the involvement of oxidation-

reduction reactions would appear to be important.
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| AppendiQ}iIIIQ,
Possible Applications éf the Chromium (III) Acefy1— 
acetonate-t-Butyl Hydroperoxide'Initiétipg System
It was shown that chromium (III) acetylacétohate
and t-butyl hydroperoxide would initiate the aufbxidatioﬁ-

of a variety of substrates (see Solvent Effect Section,

. p. 108 ). In the case of methanol, a product was formed

which reacted with 2,4-dinitrophenyl hydrazine to yield
the 2,ﬁ¥dinitropheny1 hydrazone derivitive of formadehyde.

Although no product study has béen done on the
autoxidation of compounds other than l-octene, it would be
of interest to obtain data on the yields and speéificity of
the products of the autoxidation of other substrates.

The free radical addition of small molecules to
olefins and other substrates is well known . 172
of the conditions used in chromium (III) acetylacetonate-
t-butyl hydroperbxide initiation might make this a useful
tool for studying Such reactions.

In addition to the above reactions, this system or
other metal acetylacetonate-t-butyl hydroperoxide systems

could be used to sfudy a variety of free radical decompo-

. L] . * ‘ L] . . *
sitions, isomerizations, and polymerizations.
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Appéndix IV
‘Recént_sfudies on Hydroperoxide Décompésifiong
Quite recently an extensive étudy of.hydrbperoxide
décompdsitionsvinitiated in various ways under different -

conditions was reported by Hiatt and coworkers.l7?"This
Work was too fecent to be included in‘the body of this
aissertation, however it would be worthwhile summanizing
it here and noting its implications in ouf wdpk.

In addition to the thermal decomposition of hydfo—
peroxides, variéus free radical initiators such as di-t-
butyl peroxide, di-t-butyl peroxyoxalate, and azobisiso-
butyronitrile were-ﬁsed to induce hydroperoxide decomposi-
tion. A study was also made on metal-hydroperoxide reac-
tions. |

Aﬁong the hydropéroxides studied were o -tetralyl,

aLchmyl,‘3—cyclopentenyl; n-butyl, sec-butyl, and t-butyl

hydroperoxide. In_general, the products observed were those

usually noted in hydroperoxide-decomposition, i.e., dialkyl

peroxides, alcohols, and carbonyl compounds. Althdpgh

oxygen is often a product of these reactions,B89 its formation

was found to be dependent on reaction conditions. In some

cases carbon monoxide and carbon dioxide were observed among

the products. It was noted that the relative rates of
decomposition of tertiary, secondary, and primary hydro-

peroxides were a function of the reaction-conditions. The

kinetics were in most, cases those which are expected for:

chain reactions. The rate laws, however, were dependent in

~-159-
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many 1nstances on reactlon condltlons.‘ Chaln lengths of" s

 :fl 50 were observed dependlng on condltlons (hlgher tempera;iﬁd”ﬁ

ature and hydroperox1de concentratlon and low v1sc051ty pro;}if““

~ duced longer chain lengths). These authors have deflned a.
 ohaih‘1ehgth.as the ratio of the rate of radlcal attack,on
‘hydroperoxide to the rate of termination. Thus‘the chain
lehgthvin”fheir case is the rate of formation of propagation
prodocts (alcohol and carbonyl compounds) to the rate of
formation of termination products (dialkyl peroxide).
Although no studies webe done by Hiatt et al. on fhe rate of
metal disappearance, this might have indicated a different
expression for radical production. The view of this thesis
assumes that each molecule of metal that disappears oauses
the formation of one radical. However, these authors have
proposed a cycllc mechanlsm (Reactlons 192, 193) for the
initiation process in which the concentration of the original
metadl ions remains essentially unchanged.

kl n+l

(192) ROOH + MR 3 RO* + M + OH™

n+l

(193) ROOH + M ko 5 MU+ ROO® + HY
Although it seems improbable that k;q, and kg5 are
. very much alike,l7% a similar mechanism has been proposed
for the cobalt salt induced autoxidation of tetralin.l5 It
should be noted, however, that several authors have shown
that only oeftain oxidation states of some metals are effec-
tive”as‘catalysts»for hydroperoxide decomposi‘tions.lg’sg’&8

| The work of Hiatt et al., although different in many

vespects from out own, is consistent with several of our

. .observations.
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