MICH!IGAN STATE UNRIVERSITY
EAST LANSING, MICHIGAN

MICHIGAN ST,’._\‘TE UNIVERSITY




I. THE DECOMPOSITION OF CYCLOPROPANEACETYL PEROXIDE
II. THE DECOMPOSITION OF SOME t-BUTYL PERESTERS DERIVED
FFROM ALICYCLIC ACIDS
BY

Romeo A. Cipriani

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1961



ACKNOWLEDGIMENT

The author wishes to express
his appreciation to Professor Hart,
for his assistance throughout this
investigation, and to the Monsanto
Chemical Company, for its financial
aid during the academic year of
1958-1959.

i1



I. THE DECOMPOSITION OF CYCLOPROPANEACETYL PEROXIDE

ITI. THE DECOMPOSITION OF SOME t-BUTYL PERESTERS DERIVED
FROM ALICYCLIC ACIDS

By

Romeo A. Cipriani

AN ABSTRACT

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1961

Approved




AN ABSTRACT

Tne purpoce of this investigation was two-fold:
to obtain iwore infor..ation about the deco:pocition of
cyclopropaneacetyl peroxlde and to study the deco.position
of t-butyl peresters of cycloalkanecarboxylic acids. In
connection with the work on cyclopropaneacetyl peroxide,
it was necescary to develop a reliable method for the
preparation of cyclopropaneacetic acid in quantity.

A two-step procedure ror the preparation of
cyclopropaneacetic acid was developed. Cyclopropyl
chloride was converted to cyclopropyllithiw: using litaius
sand in ether and was then treated with ethyiene oxide to
produce g -cyclopropylethanol in 660 yield. ...iternatively
cyclopropylmagnesiun cnloride, prepared frowm cyclopropyl
chloride and magnesium 1n tetrahydrofuran and entralned
with benzyl bromlde, when treated with ethy:ene oxide
produced this alcohol; however, the procedure was lengthler
and the yleld sonewhat lower (424). Oxidation of
g -cyclopropyiethanol with sulfuric acid-chromium trioxide -
in aqueous acetone provided cyclopropaneacetic acid in
57% yleld.

The decon.sorition ot cyciowroganeacetyl seroxide
in carbon tetrachloride at varlous tenperature: and
concentrations was found to follow first-order !tineticc.
The principal »nroducte of the reaction were carbon

dioxide and an eczter, probably cycloproyyicarbinyl
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cyclopropaneacetate, along with lesser amounts of
cyclopropaneacetic acid and a substance of undeterizined
structure derived from the alkyl part of the peroxide.
Pnosgene and hexachloroethane were also produced, but in
undetermined quantities. Whereas the carboxyl group was
quantitatively accounted for, only three-fourths of the
alkyl portion was detected.

The rate of decomposition of cyclopropaneacetyl
peroxide was unaffected by the presence of either acetic
or trimethylacetic acid. However, trichloroacetic acid
accelerated the decomuposltion, the rate increase being
proportional to the concentration of acid. A similar,
though not quite so large, effect was obtained in the
case of cyclohexaneacetyl peroxide. Accompanylng a
decrease in yleld of carbon dioxide was the appearance of
an ester of trichlorocacetic acid, the nature of the alky!
group not determined. An accelerated decomposition was
also noted in the presence of pyridine, but here a
coniparable effect was obtalned with cyclohexaneacetyl
peroxide. The 1iuplicatlion of these results on the
mechanism of decomposition oi cyc.opropaneacetyl peroxide
is discussed.

The deconposition rates of t-buty. peresters of
cyclopropanecarboxylic acld and cyclohexanecarboxylic acid
were measured 1n carbon tetrachloride. At 1107, t-butyl
cyclohexanepercarboxylate deco..posed three tines faster

than t-butyl cyclopropanepercarboxylate; extrapolated to



fOc, the difference i1c a factor of five. The corresponding
rate difference for the acyl peroxides at 70¢ is about 140.
The enthalpies of activation, AH¥*, for the reactions

were 28.7 and 0.7 kcal./mole respectively, a

somewhat smaller dlfference than in acyl peroxides. The
results are consiastent with sorie carbon-carbon bond
stretcning 1in the transition state leading to deconposition

of the t-butyl perecters.
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INTRODUCTION

Tais thesis deals with the preparation or cyclo-
vropaneacetic acid, the decomposition of cyclopropane-
acetyl peroxide and the decoumposition of t-vutyl
peresters of certain alicyclic acids.

In the deconposition of peroxides derived iroi
alicyclic acids, Hart and wyman (:) noted that the
behavior ot cyclopropaneacetyli peroxide was inconiruous,
botn in rapid rate of deco.position and in the high yield
of ester. with other cycloalkaneacetyl peroxides studied.
Further.ore, the rates were erratic, suggecting that the
peroxide contalned either-an accelerator or an inhibitor
of an undetermined nature. The purpoce oi tais investiga-
tion then was o re-exa..ine the deco.positlion to better
undercstand the role of the cyclopropylcarbinyl system in
free radical reactions. Rate constants and vroductc were
to be re-determined, paying special heed to the purity
of the peroxide, possible catalysiz by acid or bace,
induced deco-position and the energetics of the decolposi-
tion.

The relatively large aiounts of cyclopropaneacetic
acid needed for preparation of cyclcpropaneacetyl peroxide
in sufficient quantity for rate and product studlecs
required the develop:ent of a reliable synthetic urocedure
adaptable to large guantities; initial efforts were

directed towards this goal and a method superior to those



in the literature wa: developed. Study of the peroxide
decousposition then became possible.

Acyl peroxidec derived frou cycloalkanecarboxylic
acids decompoced at diff'erent rates, depending upon tue
size of the ring (1). Tals suggests that the stabllity
of the &lkyl radical winicn is produced when én acyl
peroxlde deco..pose:s lufluences the rate. The effect was
extencively studied by Bartlett and co-workers (2, 3, 4)
using a wide variety ol peresters. It was of 1interecst
to determine wnether perecters were iore or lecs sensitive
to changes in structure of the alkyl group than were acyl
peroxides. Towards tnis end, t-butyl peresters of
cyclopropanecarboxyllic and cyclohexanecarboxylic aclids
were synthesized and taeir rates of decouposition coi.pared

with those of the corresponding peroxides.



RESULTS AND DISCUSSION

A. The Preparation of Cyclopropaneacetic Acid

Cyclopropaneacetic acid 1s perhaps one of the :..ost
diff'icult of the sluple acids to prepare 1ln good yleid
and .arge quantity, for wost of the conventlional iethods
fall. Because of the unreactivity of cyclopropyl halidec
in displacement reactionc, procedures such as condensation
ot cycloprooyl chloride witn walonic ester do not worik.
Grignard reagentc are easlily fori.ed from cyclopropyl
bro..1de and 1lodide, but tnese are not readily avallable;
cyclopropyl chloride, wnich is readily available, could
be converted to the Grignard reagent only in small yield,
ucing ether as the uolvent (5). Carbonation of the
Grignard reagent obtained frou cyclopropylcarbinyl brouiide
produces allylacetic acid exclusively (6).

The first unequivocal synthesis oi cyclopropaneacetic
acld was that of Smith and MacKenzle (6), who prepared it

according to equation 1; the overall yield was low. Two
0 O Nz
I N2CH-CO2C2Hs g I Az20
cCcl ———————> [:>>— -C-COC2Hs —

1) KOH
_ N

C2HsOH
l>—g:c:o —EEE D\—CH(coacsz)z —

07 N0CzHs

heat l ﬁ
D‘CH(COzH)z —_— \>—CHQCOH (1)

2) gt



csubsequent n.ethods, though useful, pocsessed undesirable
features. Wallis and Turnobull (7) used the Arndt-Eistert

reaction (equation 2), which is good for only small

0 ) 0 .

N CHz2llz . N Ag20
,\—c-m > {/\—-CCHNz —
L CH5OH

l>—CH §éoCH H RO, ™S CcH ‘CO'OH (2)
2 3 - 2
2) gt e

quantities becauce of tne hazards involved 1n using
diazo:..ethane. To obtain cyclopropaneacetic acld, Hart
and Wyman (1) treated cyclopropyllithliun with ethylene
oxlide, deaydrogenated the resulting alcohol and oxidized
the correrponding aldehyde (equation 3). Although this

Hz-CH:=
DC I Li —Z— '

| H2CH=0H
Pentane V//FC

0

b2 N Az20 @
S D—CHch —== [>'CH2 OH (
Pusniice

route 1s adaptable to a large scale. the preparation of

)

L

cyclopropyllithiui., whicn was done in pentane, was found

to be erratic. Furthermore. the procedure used to prepare

the dehydrogenation catalyst lacked sufficlent detall for
successful reproduction of the yleld.

In the attewmpt to find another practical procedure,
cyclopropylcarbinyl benzenesulfonate was treated with
potassium cyanide in order to obtain cyclopropane-

acetonitrile and, subsequently, the acld; this was



5
abandoned, for only & small amount of crude acidlic
.aterlial was obtained. Similar treatment of the ciclo-
opropylcarbinyl tosylate also was unsuccessful because the
tosylate was unstable (46). Extending the side chaln of
cyclopropanecarboxaldenyde using rhodanine, an excellent
metnod for aromatic aldenydes, also was futlle because
the Intermediates were ill-defined and obtalned in poor
yield.

The success in preparing the Grignard reagent of vinyl
chloride using tetrahydrofuran as the soiveat (8)
encouraged work on the preparacion of cyclopropyliagnesiu..
chloride. It was found that cyclopropyl chloride,
entrained witn one-r'ifth of a uole of benzyl bro:..ide,
reacted with magnesiuw.i in tetrahydrofuran to give the
coibined Grignard reagents in 765 yleld. Treatment with
ethylene oxlde produced ﬁ-cyclopropylethanol 1n 42,
yYleld, based on cyclopropyl chloride. Ethylene
chloronydrin was for:ed as a co-product, and, because
of the closeness of the boiling point to that of the
deéired product, nad to be re:moved by treatment with
sodiwa hydroxide. The discovery that ether could be used
as a solvent to prepare cyclopropyllithlua (9)
consistentiy eliminated the prooler wilith ethylene
chlorohydrin and @ -cyclopropylethanol could be obtained
in 66,0 yield.

Oxidation of the alcohol to the acid presented other

difficulties, for acidic oxldizing agents attack the






6
cyclopropane ring, resulting in ring opening. Oxidation
with basic potassiuim permanganate produced a mixture of
cyclopropanecarboxylic and cyclopropaneacet.c acidc.
However, a carouic oxide and sulfuric acid solution in
water added slowly to an acetone solution of B-@yclopropyl-
ethanol, a method previoucly used for the oxidation of
unsaturated alcoanols (10), produced cycloprovaneacetic
acid in 57w yleld. The total reaction it chown in

equations 4-6.

CHz-CH2
[:>>c Hg N se1 ) ‘\0/9 P CH2CHoOH (4)
1 —> -6 =+ >»CHzCHz2
THF, CoHsCH=Br .-~ =~ 2) HOH, HY .~

CH=2-CHo2
i 1)
IS S oen (5
. - Daialy > >0l 0
[::>Cl Ether L Sy hon, '

:  CrOs, HeSO. o aOH )
[::>—CHZCH20H — [:>— 2C G
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B. The Deco:.position of Acyl Peroxides

Detalled discussions of acyl peroxlde decoupositions
can be found in several textbooks (11, 12, 13, 14). 1In
order to introduce the reader to certain phaces of the
field, the wmechanlisis of thece reactions wlll be briefly
dlscussed.

The decoiposition of acyl peroxides can occur in a
variety of ways. Primarlly, there are the spontaneous

reactions, in wh .ch the oxyyen-oXxy.;en bond bdreais

horolytically to for.. radicals

0
| |
ROOOCR —— 2 RCO- (1)

or heterolyticaily to form lons (15).

R@OOBR' 5 Re® + OCR' (&)
I:n addition to tnece wodes of decouposition, the acyl
peroxide can undergo 1nduced decoi.posltlon elther by
radicals (i6, 17) or by ions (18).

Spontaneous ho.:0lytic clileavage prevails when a
Sy:...etrical peroxide undergoes deco..nesition n a
relatively non-uolar solvent, such a: benzene or carbon
tetrachloride. Thir is probably the result of the siall
bond dissociation energy of the oxygen-oxygen linkage.
For eXample, the bond dissociation energiec of acetyl and
benzoy1 peroxidec have been estliated to be 27-25
€cal./role (13). This type of deco.position will be

Ql=cussed further in later sectionsc.
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Often accouwpanying Shis reaction is Induced
decoi.position caused by the presence of radicals in
solution. The relative contribution depends upon the
terperature (20) and the initial peroxide concentration,
as well as on the solvent employed (17). Since thaic gilves
rise to nigher order reactions, therety corplicating
kinetiecs, 1t must be elirinated in order to siuplify the
study of the cpontaneous decouwpositlon. Either kinetic
analyels (lY) or the addition of a radlical trap such a:z
styrene or lodine (21), which intercepts the radicals, 1is
effectlve. The point of attack of sucn a decowmposition
does vary: in the decoi.position of benzoyl peroxide in
benzene containing the triphenylriethyl racdical, attack iz

both on the rlng and on the oxygen (22)

[/—:)}30 +o} . _.)K \>Jscoc\_ +/:\co +[®]4c

(9)
whnereas in ethyl ether, attack occurs at the peroxide
oxygen (23).

08 018 CHa 0

c 7 N\g-o / \'

CO|z2 + CH30HOCH2CH3-—% »C-OCHOCH2CHa + CO -

(10)

A decrease in symmetry of the i.olecule i1s accoupanied
by an increasing tendency for the reaction to proceed
heterolyticaily. This type of decouposition may run the
gamut from cowplete dissociatlion into lons, through

Intermediate stages, to a sliight polarization of the



oxygen-oxygen bond (15).

QR D _f
RCOOCR' —— RCOP + "OCR! (11)
g+ o f
—— RC-0——O0=-CR' (12)

As would be expected, solvents of high dieiectrlc constant
favor this mode of reaction. An exanple 1s the
decomposition of p-iethoxy-p-nitrobenzoyl peroxide studied
by Leffler (18). In benzene, this peroxide decoiposes at
the same rate as benzoyl peroxide; in nitrobenzene,
however, the decoiposition proceeds eignht times faster,
the increase being attributed to an ionic mechanis:a
operating 1n polar solvents. The postulated mecnanlism 1s

shown in equations 1% to 15.

0 0
- |l
caw@—cooc{—\-woz — CH30@C -0® + o-é:/{—\>—N02
9 ®
CHao—O—C-O@ —> cnao@-o-c:o

=

@ e SR
CHaO-@—o-C:O + 0-C NOz —> CHSO-O OéOCO—NOz

(1)

This was substuatiated by isolation of (I) in 38y yield
when thionyl chloride was used as tine solvent. The
Peroxide is also susceptible to induced decompositién by
acids. Whereas benzoyl peroxide is virtually insensitive
to the presence of all but strong mineral acids, the rate
0f'decomposition of p=-methoxy=-p'-nitrobenzoyl peroxide ic

Proportional to the acldity constant of the acid. Sinilar

(14)

(15)
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catalysis occurs with phenylacetyl peroxide, the
:pontaneous decomposition belng autocatalytic because ol
the acid forwmed during the reaction (24).
In the spontaneous houiolytic cleavage of acyl
peroxides in non-polar solvents, a rajor problewm 1s the
number of bonds brolken in the rate-deteri.ining ctep. The

decomposition can proceed by one- or by two-bond scission,

as shown in equations 16 and 17.
0

1 I I}
R-COOC-R ——>» 2 R=CO- (16)

0 0 0]

R-SOOE-R ""R-SO““O==8"~R —> R-EO- + CO2 + R- (17)

Haumriond and Soffer (21) demonstrated that the
decouposltion of benzoyl peroxide recults in the forwmation
of two benzoyloxy radicals which, in the rrecence of
lodine and water, quantitatively produce benzoic acid.
These results demonctrate the coiplete capture of the
benzoyloxy radical as tae hypoiodite; one.concludes that
Initial reaction involves the rupture solely oi the
oxygen-oxygen bond (equation 18). The decomposition of
acetyl peroxide in moist carbon tetrachloride containing

lodine, however, produced principally unethyl iodide,
[l
‘/ N COH + 2HI

o. 2
R ,q Q‘% \N—
@ c- 0J2—>2 / >c-o ——+2 /—/COI

- \$ 7 ‘I + 2C02
T 1e)
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poscibly indicating nultiple scistion (25). But Szwarc
found that the activation energies of proploayl and
butyryl peroxides are, wlthin experimental error, the
same as for acetyl peroxide and this is assumed to be the
oxygen-oxygen bond energy in acyl peroxldes (26). The
absence of acetic acid in the reaction oroducts 1s
attributed to the extre:ie lnstability of the resulting

acetoxy radical, the decomrpositlon belng strongly

exothermic (25).

A very detailed study of the products of deco.position
of delta-pnenylvaleryl peroxide in carbon tetrachloride
was ir.ade by DeTar and Weis (27). The major products were
carbon dioxide (84,), acid (4,2), ester (17.5/),
1,8-diphenyloctane (21.5%) and l-chloro-4-phenylbutane
(41%). They concluded that two acyloxy groups were
inltially forued and subcsequent locs of carbon dioxlide
was very rapid. Witn the exception of l-chloro-4-phenyl-
butane, which resulted fro.: chlorine abstraction fro:..
the solvent by the S-phenylbutyl radlcal, the productc
were formed entirely within the solvent cage.

Other cases show the carbon-carbon cleavaze to be
lmportant, especially where the resulting radical is
stable. Bartlett and Leffler (24%) found that tie
déconposition of phenylacetyl peroxide proceeds .iore
rapidly at 0° than benzoyl peroxide at 80° and attributed
the Increace to the for.ation of the benzyl radical in the

rate- e ) .
€ deterhlnlng ctep. The decouposlition sche.e is s.aown
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in equation 19, The relationship between the stability

0
|1
@CHz' + COz2 + .occHz” }
/

==

7 N CH2C02 2 (19)

- \OCng + CO2 + (.)ICCHz/ \>

of the resulting radical and the eace of decoi.position

=0

has been demonstrated in the study of the decouposition
of t-butyl peresters (2). This effect has also been
noticed by Hart and Wyman (1), wno found that the
peroxides derived froum cycloalxkanecarboxyllc acids
decoiuposed at a rate which depended on the size of the
ring. Furthermore, acyl peroxides which gave secondary
alkyl radicals decoi.posed more rapidly than those wnhich
gave primary radicals (acyl peroxldes der.ved irom

cyc loalkaneacetic acids). Theilr results are listed in

Table 1. The rate of decowposition and the neats of
TABLE 1

THE DECOMPOSITION OF ACYL PEROXIDES, (RCOz2)z, IN CARBON
TETRACHLORIDE AT 70° (1)

_ Relative A H¥
— R Rate vcal/1i0le
C¥c1opropyl (abs. rate const. = 1 28.3

4.8 x 10 *sec™?)

Cyec 1obuty: 1¢.¢8 26.6
Cyieca opentyl 2.3 25.0
Cye 2 onexyl 137.2 26. 1
C¥cloneptyl 161 24 .6
Cye lobutylcarbinyl 5.4 25.7
C¥clopentylcarbinyl 4.1 26.7

EYclohexyicarbinyl 5.9 25 .7
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activatlon of tvhe cyclioalkanecarboxylyl veroxides
decrease with ilncreacling stablillity of the cycloaliyl
radiczl. In the cycloallianeacetyl peroxices,
((Hz2),CH-CH2C02)2z, nowever, an anamolovs etftfect wac
obtained. Where n = 3, 4 or 5, the zyclobutyi,
cyc iopentyl or tae cyclonexyl derlvetive, tihe peroxices
decorposed at esentially tTtne cauwe rate; wnere n = 2,
the cjyclopropylecarzinyl syste:.., extrerel;y fact ratec
were obtained. It is th.s case wWhicn 1s of or ..e interest
in this thesis.

There are .any reactions in winlch ratec are greatly
accelerated by the vrecence of a cyclopropane ring. Under
iondzing conditions, tae cyclopropylcarblnyl syctem otf'ten
undergoes rearrangement to allyicarbinyl and cyc obutyl
derivatives (28) and thece reactions proceed faster tin
the corresponding allyl co.pounds (29). 1In the
dlazotization of cyclopropylcarblinylanine, Roberts et. al.
(30) snowed that the cycloproyylcarbinyl cation rearranges

eXtensively to produce a r.ixture of products (equation 20).

OH

HNO . |
[> CHzNH2 — = ‘ i > CHaOH + ' + CHz=CH-CH2CH20H

8% /
HOWeVer, in revercsible react.ons, a wuitiplicity of
Products ic not obtalned; instead, the aost cbtable
derivative is produced, as in the treatment of cyclb—
DPO" ¥ lcarbinol wita Lucas reagent, where 4-chloro-I-butene

1s obtained exclus ively.
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Tae precence of such aa equllibriu. ia free radical
react.onc nac not been estebliched, a’ though several

reactions involving the cyclopropylicarbinyl syste. have

been reported. Overberger and Lebovitz (31), in a study
of tne deco position of several allcyclic substituted

azo-blsnitriles, found results ci..ilar to tnoce reported

by Hart and Wynan (1) on the deco.position of analogous

acy 1l peroxidec.

CHs  CHs (IJHa
R-C|:—N=N-('3-R 5 2 R-c]:- + Nz (21)
CN CN CcN

When R was cyclobutyl, cyclojentyl, cycloaexyl or
Lsopropyl, the decoiposition proceeced at zapproxi. ately
the sauwe rate; when R was cyclopropy., a 15-fold increa:e
in xrate was obtalned. Thls acceleration wasc ascribed to

res onance stabllization of the radical produced.

CHsa .CHa Ha
(I‘;. — == — — «—— etc.
CN CN . CN
(22)
UnCortunately, products were not determined zand the
question of rearrange:ent was unanswvered. However, in the
PNotolytic chiorination of .ethylcyclopropane, :uch
4“Ck‘xloro-1-butene wac produced along witih the expected
C¥c X opropylearbinyl cialorlde, indicating that the
C7 e s .
JYClopropy.carbinyl radical does rearrange conciderably
(32) - During the course of the present work., Roberts and

Q
Schus ter (33) noted that in the piaotolysis of cyc.io-
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propaneacetaldenyde, the cyciopropylcarblinyl ruadica:l

rearranzed to produce exclusively l-butcne.
|
{\ Hng BY, cHiCHCH2CHs + CO (23)

Notably absent froi both reactions was the cyclobutly!l

derivative, which indicates thiat an equilibriw. si:ilar

to that in the ionic :terles dces not exist.
The fast rate 1or tae deco:position of cyc_opropane-
acetyl peroxide was approxi.ately 400 ti.es larger than

the other cycloaliianeacetyl peroxides; the amount of ester

produced also was abnornially high. accounting for £55% of
the peroxilde, ac opposed to 30;,» for cyclohexaneacety!?
peroxlde. Later, Lau (34), who carefully washed the
peroxide wit i aqueous sodiui. carbonate, ctated that the
rate of decouposition was less than that reported by Wyman,
but still ten tiies faster than the ho..olozous pcrox.decs.
Tiiecse high ester yields and rapid ratez indicate 2
potential ionic :.ode of deconpocition, such ai that for
P—..ethoxy-p'-nitrobenzoyl peroxide and phenylacetyl
peroxide, wihere high ecter ylelds and rapid rates were
Obtained when the peroxides were deco..posed in the
Presence ol acids. Possibly, tae cyclopropaneacetyl
Peroxide used for earlier kinetics and products
€Xperi.ents was contaminated wlth cyclopropaneacetic zcid.
It was therefore or interest to re-ianvectisate the kinetics

8nd products of deco.position.
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The acy! peroxides used in this work were prepared
by treating the corresponding acld cnloride with codiu

peroxlde in anhydrous ether. (Cyclopropaneacetyl and

| 1l
2 R-&Cl + Naz0z —> R-COOC-R + 2 NaCl (24)

cyclohexaneacet;l peroxides, waich were liquide at roo:.
teiperature. wére purified by crystallization fro.. pentane
at dry-ice tenperaturec; the other peroxides were
crystallized f{ro.. pentane or hexane. The purities of the
peroxides, as determined by tiltration of llberated iodine,
were 85-100% (see pace 67).

The kilnetics experirents were performed In diliute
purified (35) carbon tetrachloride solutions, the
concentration of peroxide ranging fro: 0.02-0.03 N. Host
of' the deco:pocitions were Iollowed by :easurin; the rate
of disappearance of tae 5.62u peroxide band ia the
infrared. The reilainder were followed by deternining.
using the nretnod of Silbert and Swern (36), the awmount of
lodine liberated upon treatuent of tne peroxide solution
with codiuw. lodide in acetlc acid. When the spectrophoto-~
~etric wmethod was uced, the rate conctants were obtained
froi.. the slope of the equation listed on page 87; In the
titrietric procedures, the o2g of the titer was plotted
direct.y against tine, and t.e rate constants were
c@lculated fro:. the slope of the resulting line.

C¥ clopropancacetyl peroxide was decomposed between 4lo
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and 56°; as can be seen in Table 2, the rate doub.es for
approxirately every 6° _ncrease 1ln te.perature. For
corparison, the data for cyclonexanecacetyl peroxide are
also inc . uded; the increace in rate with increasing
tei.perature is larger for the ror:.er peroxide than for
the latter. The rate constants, neasured to about 50/

TABLE 2

THE EFFFECT OF TEMPERATURE UPON THE DECOMPOSITION OF CYCLO-
ALKANEACETYL PEROXIDES

Rate_Constant Data Fron

Peroxide Tenp.© X 107, sec.”t Table
Cycicpropaneacetyl 44 .0 5.30 14
4y .0 5.C7 15
4:.8 11.. i
50.8 12.4 1Y
50.8 13.0 186
50.6 2.3 i)
56.7 25.8 20
56.7 25.7 22
Cyc lohexanecacetyl 4y .4 0.308 3¢
£4.3 1.4 2,
1.6 2.95 33

deco:.position of tie percxide and extrapolated to 25°,
Were a factor of 10% sualler than Shose reported by art
and Wy..an, and cl.shtly larzer than thote of Lau, but the
fect tliat cyclopropaneacetyl peroxide deco.-nocec

ais; b . Yy e mn aera Y A © A :
rPreciably faster taaa cyclohexaneacetyl perox.de ic¢
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confi_ri.ed. The valldi.ty of tanece results 1g substantliatec
by the reproduciblility of the rate constaat .an a au.ber
of runs fro:n. vaerious batcaes of peroxide. To encure that
systematlc errorc were not involved using the infrared
technique, titrinetric analysis was occaslonally e:ployed.

Thesze resu:ts are licted in Table 3. The data are 1in good

TABLE >

RATE CONSTANTS FOR THE DECOMPOSITION O CYCLOPRCPANEACETYL
PEROXIDE DETERMINED BY INFRARED AND TITRIMETRIC TECHNIQUES

Analytical Rate_Constant Data Fro:
Run Jethod Texp.°© x 10>, sec.”? Table
1. Iodometric 4y .5 5.07 27
2. Iodo..etric Ly .5 4 .23 26
Infrared 4y .5 5.03 26
3. Infrared 4y .0 5.30 14

ag;reeunent witn each otaner; this 1c especlally evident
when both iiethods were run concurrently. Because the
rate constants were lower than previously claired, it was
necessary to recalculate the energetics of thne reaction.
The enthalpy of activation was 24.3 kcal./.ole, or
approxinately 2 kcal./.ole lesc than that reported for the
Other cycloalkaneacetyl peroxides. The activation entropy
Was 3.1 cal./deg. ..0ole. The enthalpy of activation \
Obtained fro: the imeager decompositlon data for cyc.o-
hexaneacetyl peroxide (26 kcal./iole) was in good

dgreement with the 25.7 kcal./uole reported previously (1).
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To determine the extent to which 1lnduced

decomposition aff'ected the rate constants, the

decomposition was studled in the presence of lodine, a

radical scavenger. The results in Table 4 show that the

TABLE 4%

EFFECT OF IODINE ON THE DECOMPOSITION RATE OF
CYCLOALKANEACETYL PEROXIDES

o Rate Date
Peroxide Tei.p. Normality Congtant_ Froi.
Peroxide Iodine Xx 10, sec X Table
Cyclopropane- 56.5 0.092 ceen 2.78 22
acetyl ‘
56.5 0.09 0.07 2.94 2>
56.5 0.05 0.05 2.80 24
Cyclohexane- GO4.3 0.06 cee 114 37
acetyl
64.5 0.06 0.186 1.25

addition of iodine doesg not decrease the rate, as would
be expected 1f there were induced decouposition; indeed,
2 sllignt increase in the rate constant was observed.
Since a clight increase was also obtained with cyclo-

he xaneacetyl peroxlide, tne possibility remains that
interactions of the carbonyl group with the 1odine caused
an increase in the tranci.ission at the wave-length uced
(5-627A); iodine alone in carbon tetrachloride does not
absorb in that region. Additlonal evidence for the
absence cf induced decomposition in the concentration
range used (0.02-0.03 N) is the invariability of the rate

constant with the initial peroxide concentration (see
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Table 5). At 0.286 N, the rate constont wac apprecilably

TABLE 5

THE EFFECT OF CONCENTRATION UPON THE RATE OF DECOMPOSITION
OF CYCLOPROPANEACETYL PEROXIDE IN CARBON TETRACHLORIDE

Nortality of  Rate Constant Data Fro.

Temp.° Peroxilde x 10°, sec.”* Table
45.8 0.018 11.1 16
50.8 0.046 12.4 17
50.8 0.055 13.0 18
50 .8 0.0¢2 2.3 1
4y .5 0.06 5.20 il
4y .5 0.186 (a) 29

(a). Initlally very rapid, but approaches 5 x 10 2cec. !

as concentratlon approacines 0.09 N.

larger, presu:ably because of induced deco.pocition. As
the reactlon proceeded, however, the rate coastant
gradually approac.ied those obtained at lower concentrations.
It can be stated with certainty that the deco..position, at
the concentrations used, is free of Induced deco.position.
The decou.position of cyclopropaneacetyl peroxide then
1s 1indeed faster than the higher rembers of the series,
and these rapid rates are a reflection of the lower
d8ctivation energy. If the reaction is free radical, and
MOt ionic, there rust be so.e particular stability
88soclated with the cyclopropylcarbinyl radical. A dis-
tinction between these nechanisiis could be :iade by

determining whether tne peroxide initiates the
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polyuerizatlon of styrene. Two equal portions oi ctyrene
were placed in separate flasks, one containing cyclo-
propaneacetyl peroxlde; the flasks were heated to 50-70°
and cooled occasionally to check the viscoslity and clarity
oi’ the reactlion ..ixtures. The styrene containing the
peroxide was souaewhat more viscous and opaque throughout
the observation period. The abllity of cyclopropaneacety:
pPeroxide to 1nitiate polynerization, though slugglsh,
snows that the decouposition proceeds at least in part
with the productioa of radicals.

The possibility still rewains that the decomposition
a_>so proceeds ionically, as 1in the case of phenylacetyl
peroxide, whlch decouposes sliiultaneously by both
mechanisms (24). Acid catalysis may have been the cause
of earlier erratic results with cyclopropaneacetyl
peroxide; 1f any unreacted acld caloride re:i:alned in the
Preparation of the peroxide and were incoupletely removed
upon hydrolysis, erratic results could have been obtained,
for peroxides capable of decorposing by ionlc mechanlsms
are sensitive to the presence of acid (18). Alternatively,
the reaction .2y have been autocatalyzed by the cyclo-
Propaneacetic acid formed during the decowposition. To
€XPlore tals poszibility, the decosposit.on was carried
Out in tne presence ol ceveral acids of varying acildlity.

As 1s showa in Table 6. the weak acids acetic and

tr

aethylacetic i2d 1.ttle effect upon the rate ol

3
~Ao

d s sl el PN o o s . - .
€Corporition of cyclopropaneacety: peroxide. Althouzh
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cyclopropaneacetic acld was nct ctudled, & co.parable
effect would be Tikely. Catalysis by carboxy!ic ccids
does not seew. ©o be the cause of the erratic rates
reported. The stronger acid, trichloroacetlc acid,
however, did accelerate tae rate, the increacse beling
proportional to the initial conceatration of acid. For
equivalent amouants oI peroxice and trlchloroacetic &cld,
the increase was a factor of 12-15. Tae rate effect was
conslderably larser than that obtalned witn cyclonexane-
acetyl peroxide. Since the decomposition of benzoyl
peroxide 1s unafiected by all but the strong i.ineral acids
(18), the lncrcase 1in rate for cyclopropaneacetyl peroxide
could be the reuult of ring protonation. If ring
protonation were the cause of rate enhancement, ﬁ—methyl-

2{~butyrolactone would be the expected decomposition

product (equation 25). Absence of the :actone band in the

1 me | I A ®

D-CHzCO 2~ 7| CH-CHCH2COOCCH2" —-;« 50+ CO2 CH2<l

CHZ69 1 0 (25)
infrzred ic evidence that ring protonation is not the
cause of the extremely rapld rates. The products are,
however, appreciably different frou those obiained fro:.
the spontaneous decompocition, especlally in the itoruation
Of esters of triciloroacet.c acid. This may be due to an
lonilc mechanism and w.ll be discucsed later.

Since the presence of acid is not the cause of t.ae

Algh rates for the decouposltion of cyclopropaneacetyl
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peroxide, tae poscihllity of catalycis by dicsolved barse,
which would result fro. the lncompete removail of the
sodiui. carbonate or sodlu. peroxlde, was examined in aa
effort to reconcile these results with those previously
reported. Because of the polarization ol tne cyclopropyl-
carbinyl group, a reasonable i:echanis:y can be drawn for

baclc catalysis (equation 26). To determine the extent

99 92 CHz-‘Q
BCHaCOOCCH2<] = [>CH2-C c=0
P

i ?CHaQ
T>CH20\ - + CO2 —> CHzCOzCH2<] + COz + B:
i @B/ 0

of thls, the decoisposition was run after washing the

(26)

peroxide solution in carbon tetrachloride with 10% agueous
sodium carbonate and in the presence of pyridine. Tie
results are licted in Table 7. For couniparison cyclo-
hexaneacetyl peroxide also was decomposed n tihe presence
of pyridine.

The results saow that the presence of neithner
inorganic nor organic base inexplicably altered the rate
cOonctant. Washing of the peroxide solution with aqueous
Sodiwu carbonate before had no effect on the decomposition
rate. Although pyridine accelerated the rate, the increase
Was comparable to that resulting frou the treatuent of
CY¥c lohexaneacetyl peroxide with pyridine. Tertlary amines
are known to react with acyl peroxides (37) as is

1llustrateq in equation 27. The uce of pyridine has also
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TABLE [

THE EFFECT OF BASE UPON THE DECONMPOSITION Of
CYCLOALKANEACETYL PEROXIDES, (RCH=2C0z)2z

= Rate Data
Nor.ality Constant_ Frou
R Terp? Peroxide Pyridine x 105 sec.! Table
Cyclopropyl Uu44.5 0.06 R 5.07 15
4y .5 0.05 0.03 6.66 32
44 .5 0.06 (a) 5.30 2t
Cyclohexyl 7.8 0.06 cen 2.93 33
71.8 0.06 0.056 4 .63 40

(a). &fter washing the peroxide solution with sodlu.
carbonate and drying.

been reported; although the rate of reaction is increased,

q ® 0 O_
RsN: + [@bc 2 —aRsNob'QJf @'c'o — Products (27)

the nature of the products is unknown (38). It would be
expected that 1{ cyclopropaneacetyl peroxide were
susceptible to basic catalysls, the effect would be
considerably larger than obtained. The relative ease of
deconpocition of this peroxide then cannot be attributed
to basic catalyslis.

The cause of earlier nigh rates 1is not clear. The
WOork reported in this thesl:c siows that the deconposition
1s catalyzed neither by carboxylic acids initiaily present
Oor formed during the react.on nor by bases. They ..ay heava

been due to obtaer i.purlities, cuch as uahydrolyzed acid



2t
chlorlde, wnich, on occcasion, wac present In peroxides
used In this work and gave rapld rates.

Earlier oroduct studles showed that ester (8573) and
carbon dloxlde (85p) were the :ajor products; alkyl
na’ides resultiag I'rom the reaction of an alikyl radical
wit.: the solvent were not found (1). The absence of aliyl
chloride indicate: that the cyclopropylcarbinyl radical,
if formed, reacts in other ways than by abstract.on of a
chloride atom fro. the carbon tetrachloride. ESince the
deconposition rates revorted here are substantlally lower
than those reported b, Wyman, 1t was 1li.portant to verity
tne product coumposition, with e.apnasis on the ester
produced.

The maJjor »roducts of the deco.position ol cyclo-
propaneacetyl peroxide 1n carbon tetrachloride were
cerbdn aioxide cnd an ester, proboebly cyclopropylcarbinyl
cyclopropaneacetate; in addition, t.iere was a small anount

cyclopropaneccetic acid. Tnhe averagze resultc fro:.

=h

o
ceveral experizents are shown in Table €. Carbon dloxide
was determined gravicetrically; tae ester and the acid
Were determined spectrophotoietrically using respectively
the 5.75M and the 5.8§}k bands In the iIntrered. Together,
these accounted for 7.5« of the initial carbonyl group,
Wnile the acid and the ester contained 59.57% of the alkyl
Eroup Initlally »resent in the peroxide. Approxl.atsly

10 1. of carbon tetraciloride colution was distilled

directiy fro.. the ceco:..nposed peroxide solution: l-butene,
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TABLE &

PRODUCTS OF DECOMPOSITION OF CYCLOPROFANEACETYL PEROXIDE IXN

CARBON TETRACHLORIDE AFTER THREE HOURS AT T7&o (2.45 mnci20
of peroxide in 50 ml. of carbon tetrachloride)

SN

Product mroles. mwoles/riiole peroxide
Carbon dioxide 5.24 1.32

Ester (e = 482 1/uole-cm.) .37 .56

Acid (€ = 532 L/.ole-cm.) L1 .07

Alkyl chloride (a) cen. 17

(a). It is not known whether this ic actually an allyl
chloride or a dia kyl.

if for.ed, would appear In tihis fraction. Because of the
1ow concentration and the absence of an appreclable
oleflnic peak in the infrared, the presence of snall amountc
of pentane, wilich was used in the preparat.on of the
peroxlide, could not be excluded. The reumalinder of the
carbon tetracihloride solution was distlilied under reduced
pressure to remove nigher bolllng i.aterials; redistillation
of .oct of the colvent (75 ©.1.) through a packed coluun
af'forded fractions whose infrared spectra poscessed
Insignificant carbon-hydrogen absorption peaks. he
Spectrui. of tae re:aining carbon tetrachloride had a
Strong carbon-hydrogen veal, wanich, after correction for

@ srmall amount of ecter precent, accounted for & .5, of the
initial peroxlide; whether an alkyl chloride or a dialkyl
Was present was not deterulaed. The remainder of the

C¥clopropaneacetyl peroxide was probably tar, which, along
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with hexachloroetnane, was undetermined.

The results verlify the higher ester and lower carbon
dioxide yields than expected for the decomposition of acyl
Peroxides, altnough a consliderable difference still was
obtained frow. the results of Hart and wyman (86535 vs. 56/
for ester and 85y vs. 6€;5 for carbon dloxide). For
couparison, the ylelds of ester, carbon d.oxide aand alkyl
chloride for peroxides derlved fro.. othner allicycllc acids

are shown 1n Table 9. Yields of 75-80% of alkyl chloride

TABLE 9 °

PRODUCTS FROM THE DECOMPOSITION OF CERTAIN ACYL PEROXIDES
IN CARBON TETRACHLORIDE

3 Carbon a Alxyl
Peroxide . Tenp¢ Ester Dioxide Chloride
Cyclopropaneacetyl b 78 0.56 1.3%2 0.17
Cyclopropaneforiyl ¢ 70 0.16 1.61 1.33
Cyclohexaneforuyl ¢ 70 0.23 1.87 1.53
Cyclohexaneacetyl ¢ 70 0.30 1.77 1.32
Benzoyl © 70 0.26 1.72 1.27

b This work.

?a§. Moles produced per mole of peroxide deco:inosed.
c). Ref. 1.

Were obtalned for the other peroxides, waereacs in the
decouposition of cyclopropaneacetyl peroxlde, the alkyl
chloride, if foried at all, was a minor product.

The ester obtalned 1s probably cyclopronylcarbinyl

Cy¥c lopropaneacetate. since tihe infrared gspectruiy was
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si.ilar to that of authentic cyclopropylecarbiny. cyc.o-
propaneacetate and passage of the nigher boiling uzterlials
froun. the decompnosition througn a vapor-pnase cnroi:atograph
showed the existence of alnost enpirely one product. The
production of ester 1s a geminate reaction and ls probably

explained by equation 28.

H::)—CHzﬁd]z — [2[::>CH2@O } - [:>>CH20@CH2<::] + CO2

(28)
The irmedliate recowbination of the radicals within the
so_vent cage has been demonstrated by Knaragg\and
co-workers (39), who obtained from optically active
A -1.ethylbutyryl veroxide an ester 1In whicn both the acid
and the alconol portions retained their optical activlity.

i ﬂ
(CHsCH2CHCO2) 2 — CHacHzclJHOC?HCHzCHa (23)

CHa CHs

The larzer quantity of ester prqduced fro.. tie decoupoci-
tion of cyclopropaneacetyl peroxide shows that the reaction
be tween the alkyl and the acyloxy radicals occurs rapi:dly,
before reaction with the solvent can occur. The siall
amount of acid present could result from abstraction of a
hydrogen ato.. within the solvent cage (27) or fro. reaction
of the acyloxy radical with a small amount of water present
(40).

The question of acceleration of the rate by trichloro-

acetic acid being due to attack at tne ring rather than
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carbonyl group deaanded a study of tne decouwpositlion
products under these conditions. Cince cycloprouane
derivatives are sensitive to ring opening reactionc by
strong acids (18), the deconposition 1.ight be expected to
proceed either by proton attack at tne ring or tne carbony.

group. The products obtained frou the decoiposition

o] 22 [>onLodonc]] —
Dcnaﬁon + COz + I>-CH2@

varied consliderably fromn those of the spontaneous
decouposition; along with less carboa dioxide, the type

and quantity of ecter were altered. The products are

listed in Table 10. The .:.echanicm chogen must explaln tne

TABLE 10

PRODUCTS OF DECOMPOSITION OF CYCLOPROPANEACETYL PEROXIDE

IN CARBON TETRACHLORIDE IN THE PRESENCE OF TRICHLOROACETIC
ACID, 76°, 3 HOURS (2.5 m.oles of peroxide and 5.00 mmoles
of tricnloroacetic acid in 40 ml. of carbon tetrachloride)

Mmoles per

P roduct Mmoles mniole peroxilde
Carbon dioxide 3.06 1.22 (a)
Eoter (5.76 4, € = 459 1/ ole-cu.)  0.74 0.20
Esrter'(5.67/A, € = 525 l/uiole-cu..) 1.4Y 0.58¢

Acld not deter::ined

—

(a). Average of two runs.

———
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decrease in the carbon dioxide and tae ecster (5.76}k)
produced, as well as the appearance of a material
absorbing at 5.67 w.

Formation of P-methyl- ¥ -butyrolactone was excluded,
since the actlon of concentrated sulfufic acid on cyclo-
propaneacetic acid produced a substance which absorbed
at 5.63., the saie absorption peak possessed by

¥ -butyrolectone. The presence of the 5.6"1;‘,(~ band was
attributed to an ester of trichloroacetic acid, since
cyclopropylcarbinyl trichloroacetate possessed the same
peak. The reaction then must be described by equation

50, with the cyclopropylcarbinyl cation resulting as a
trichloroacetate ester. The extent oi rearrangement was
not determined. Such a rechanisi would also explaln a
decrease in the yield of carbon dioxide. The ester
absorbing at 5.76;& was probably a cyclopropaneacetate;
the nature of the alky! group was not determined, but the
cyclopropylcarbinyl derivative could result from the
concurrent spontaneous reaction. The auount of cyclo-
propaneacetic acid 1s expected to be at least equivalent
to -the trichloroacetate ester formed. Assuming this value,

90% of the inlit.al carboxyl and 70% of the initial alkyl

radicals would be accounted for.

THE DECOMPOSITION OF OTHER ACYL PEROXIDES.

—

With a change in solvents, a change occurs both in

the PIroduct couposition and in the rates of decoupositlion
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of acyl peroxides. For example, the amount of carbon
dloxide evolved frowm the decormposition of benzoyl peroxide
increases in the order olefins & paraffins  arotatics<
carbon tetrachloride. Factors influencing this change
are the relative reactivity of the solvent with the
radical forned and the extent of laduced decompositilon,
which becones iwmportant at concentrations used to deterwine
products (41).

The decouposition of trans-4-t-butylcyclohexane-
carboxylyl peroxide in tetrabromoethane produced a quan-
titative yield of trans-4-t-butylcyclohexyl trans-4-t-butyl-
cyclohexanecarboxylate (42), whereas in carbon tetra-
chloride only 47% of presurably the same ester was formed.
The decrease 1n yield n:lght be the result of higher
temperatures and induced decomposition rather than
1ncreased reactivity with the solvent. Since the radical
transfer constants of tetrabromoethane was approximated to
be slightly larger than that of carbon tetrachloride at
the same temperature, the effect would be attributed to
the difference in reaction temperature (7é° for the
decomposition in carbon tetrachloride vs. 50.7° for that
in tetrabromoethane (42)), with induced decomposition by
the trichloromethyl radical playing the greater roie.
Hence, the yield of ester would be smaller.

In the decoriposition of cyclopropanecarboxylyl
bPeroxide in carbon tetrachloride, a highly reactive

Solvent, cyclopropyl chloride was the major product (1).
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Decompositions performed in the presence of 1lodine showed
that most of the cyclopropyl radicals exist outside of the
solvent cage. By using a less reactive solvent, coupling
of the radicals could conceivably be forced, presenting a
new method for the synthesis of dicyclopropyl.
Cyclopropanecarboxylyl peroxide was decoumposed 1in
chlorobenzene and in t-butylbenzene, solvents with low
radical transfer constants (43). In the decowmposition in
t-butylbenzene, acid (8%), ester (37%) and presw.ably
carbon dioxide appeared as the major products, with no
dicyclopropyl being detected. Similar results were
obtained in chlorobenzene as the solvent. In spite of the
low radical transfer constants, the solvents were too
reactive to permnit the coupling of the alkyl radicals, the

ma jor reaction probably involving attack at the benzene

ring.
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C. The Decoup sition of t{-Butyl Peresters oi Soue
Allcyclic icids.

In contracst to acyl peroxides, relatively 1little
work had beenodone on the decomposition of t-butyl
peresters, R—E-O-Ot-Bu, until recently. Their
deco:positlions paralle! those of the corresponding acyl
peroxides but oproceed niore slowly.

The most extensive work on the mechanism of
decomposition was conducted by Bartlett and co-workers
(2, 3, 4). considerable evidence’was presented by
Bartlett and Hiatt (2) for the 1inportance of carbon-carbon
stretching 1n the decowmposition transition state. Their
results are listed in Table 11. With increasing stability
of the resulting radical, there is a decrease in the heat
of activation and the stability of the perester for a
given series. The peracetate and the perbenzoate are
particularly resistSnt to decomposition because they would
produce the poorly stabilized methyl and phenyl radicals
respectively. A concerted decouposition was further
demonstrated by Bartlett and Ruchhardt (3) in the
decomposition or substituted t-butyl phenylperacetates,
where the rate was decreased by electronegative groups on
the benzene ring and increased by electropositive ones.

These results heiped put the concept of a concerted
decomposition of acyl peroxides on a firmer basis.
However, a work relating the two decompositions has not

been reported. As was mentioned previously (p. 12), a
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TABLE 11

DECOMPOSITION OF t-BUTYL PERESTERS, RCOat-Bu, IN
CHLOROBENZENE (2)

Halr-life OAH* AS*

R Min., 60° kcal./role cal./deg. uole
(Di-t-butyl peroxide) 107 37.8 13.5 '
CHa 5 x 10° 38 L7
CeHs 3 x 10* 33.5 7.8
(Benzoyl peroxide) 6000 32.7 13.3
CeHsCH2 1700 28.7 3.9
ClsC 970 30.1 8.9
(CH3)aC 300 30.6 13
CeHsCH=CHCH= 100 23.5 -5.9
(CeHs )2CH 26 24.3 -1.0
CeHs (CH3 ) 2C 12 26.1 5.8
(CeHs ) 2CHaC 6 ok .( 3.3
CeHs (CH2=CH)CH 4 23.0 -1.1

d ifference of 2.5 kcal./nole for the heats of activation
and a factor of 137 for the rates of decorposition of
cyclopropanecarboxylyl and cyclohexanecarboxylyl peroxides
were obtained. These were attributed to a decrease in
stability of the cyclopropyl radical relative to the

CYc lohexyl radical and to some carbon-carbon stretching
occurring in the rate-deteri:ining step. Bartlett (44%)
haq reported that the decomposition of t-butyl cyclo-
hexanepercarboxylate proceeded at 100° in chlorobenzene a

factor of 120 ti.es faster than the t-butyl peracetate.
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vitin aa activat.on enthalpy of 31.3 kcal./.ole and aa
activation entropy of .6 e.u. It was then a matter or
1nterest to compare the relative sensitivity of the
peroxide and perester decompositions to the same change
in the structure of the alkyl group.

The t-butyl peresters of cyclopropanecarboxylic and
cyclohexanecarboxylic ac.:ds were prepared by the reaction
of t-butyl hydroperoxide in a pyridine-ether solution with
the appropriate acid cnloride and were purified by passing
through a chromatographic colwin containing Florisil,
using pentane as the eluent. Reumoval of the pentane
afforded t-butyl cyclohexanepercarboxylate of 77% purity
and t-butyl cyclopropanepercarboxylate of 76% purity.
Portions of a solution of the peroxide in carbon tetra-
chloride were sealed in ampoules and place& in a constant
temperature bath. Individual samples were removed
periodically and frozen in dry-ice until use. Transmissilons
of the melted samples at 5.6é/* were deterinined and the
rate constants and heats of activation determined 1n a
manner similar to those of the acy: peroxides (p. 87).
The rate data and the energetics for the decomposition are
shown 1in Tables 12 and 13.

From the work of Bartlett and Hiatt and of Hart and
Wyimhan, these results are to be expected. A couparison of
the peresters with the corresponding acyl peroxides in
carbon tetrachloride is shown in Table 13. The t-butyl

Peresters are definitely i.ore stable than the



O

)
TABLE 12

THE DECOMPOSITION OF t-BUTYL CYCLOALKANEPERCARBOXYLATE IN
CARBON TETRACHLORIDE

Cyclopropagg Data From Cyclohexane Data Fro..

Temp. k x 103sec.. Table Teay: k x 10°sec® Table
110 6.86 48 90 2.35 4o
110 6.68 49 90 2.33 43
120 20.7 50" 100 9.48 by
120 20.2 51 100 g.28 45
129 48.3 52 110 20.0 46
123 49.8 53 110 22.0 47
TABLE 13

COMPARISON OF THE DECOMPOSITION OF t-BUTYL PERESTERS AND
ACYL PEROXIDES

Half-11ife AH¥ _ ASE , cal.
sec., 70° kcal.mole * degz-tmole
Cyclopropanecarboxylyl 1.41 x 10° 28.3 ’ -5.7
Peroxide (a)
Cyclohexanecarboxylyl 1.03 x 103 26.1 -3.1
Peroxide (a)
t-Butyl Cyclopropane- 1.2 x 10°(b) 3.7 2.1
percarboxylate
t —Butyl Cyclohexane- 2.4 x 10%(b) 28.7 -0.6
percarboxylate

ag - Ref. 40.
b ). Extrapoiated frow higher teuperatures.

—
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corresponding acy.! peroxides. At 0°, t-buty. cyclo-
propanepercarboxy.ate would deconpose at about one-eighth
the rate for cycliopropanecarboxyly! peroxide; the effect
is even greater for the cyclohexane derivative. .ilthough
the entha py 6f activation of t-butyl cyclopropaneper-
carboxylate is 2 kcal./wole larger than that for t-butyl
cyclohexanepercarboxylate, the inversion of entropies
partially nullifies the expected differences in deco:posi-
tion rates.

That the differences in the decomposition rates of
t-butyl peresters is not tne same as for the corresponding
acyl peroxides 1ic not extraordinary. Whereas benzoy:
peroxide and acetyl peroxide deconpose at essentially the
same rate and, within experinentél error, possess the saiie
energy of actilvation (45), t-butyl peracetate deco-poses
approxinately 16 tiiec slower than t-c.tyl perbenzoate
(Table 10). Also, pheny‘'acetyl peroxide deco.poses &0
tinies faster at O¢ than benzoyl peroxide at 80°, but the
d ifference for the corresponding t-butyl peresters at 60°
is only a factor of four. Although the zenera. effects
Ooperative in acyl peroxide decowpositlons are present in
the deco::position of t-butyl peresters. their —-asgnitudes
are not cowparable.

The decrease ol the heat or actlvation in golag fro.
a8 three- to a six-ieubered ring, ia coajunction with the
Woric of Hart and Wyman (1), is evidence that there is soue

carbon-carbon stretching in the transition state of the
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decowiposition of t-butyl veresters. The explanation of
I-strain they offer for the deconposition of acyl peroxides
is aiso applicable nere. In the cyclohexane derivative,
the bond angles are 103%°and the carbon atomrs possess
tetrahedral configurations. As the carbon-carbon bond
stretches, the carbon involved becomes trigonal and
expands 1ts bond angles to 120°, thereby introducing
strain into the ring. In the case of the cyclopropane
derivative, however, the strain produced is of nore
irportance. Usling the conventional bond angles ol 10Se°
for saturated carbon atoms, there i:s an existing strain
of 49¢ in the molecule. Upon transformation into the
cyclopropyl radical, the bond angles cannot expand as they
do in cyclohexane and the internal strain would increase

to 60°, which would impede carbon-carbon stretching.
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SUMMARY

1. A reliable procedure for the synthesis of cyclo-
propaneacetic acid on a noderately large scale hac been
developed. Cyclopropyl chloride gave a good yleld of
cyclopropyllithiumn, using ether as the solvent; treatment
with ethylene oxide gave ﬁ-cyclopropylethanol in 66%
yield. Cyclopropylragnesiun chloride can be prepared,
using benzyl bromnide as an entraining agent and tetra-
hydrofuran as solvent; 1t alzo gave B-—cyclopropylethanol
when treated with ethylene oxlde, but the overall y‘ield
was lower and the reaction less clean than with the
lithiun reagent. @-Cyclopropylethanol can be oxidized by
chromium trloxide and sulfuric acid to cyclopropanecacetic
acid in 57% yield.

2. The decomposition of cyclopropaneacetyl peroxilde
proceeds by first-order kinetics, slower than previously
reported (1), but still 18 ti:es faster than other cyclo-
alkaneacetyl peroxides. The reaction, at the concentrations
used, (0.02-0.09 N), is free of induced decomposit.on,
w111l initiate the polyuerization of styrene and results in
the production of large amounts of ester, with low yields
of' carbon dioxide. Also produced in the reaction were a
Small amount of acid and an unidentified material, either
a@n alkyl chloride or a hydrocarbon from the coupling of
two alkyl groups. Whereas the carboxyl group was quan-

tita tively accounted for, only three-quarters of the
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cyclopropylcarbinyl radical was detected; the remainder
escaped detection, possibly as tar.

3. The decomposition of cyclopropaneacetyl peroxide
is insensitive to weak acids such as acetic or trimethyl-
acetlic acid. 1In the presence of trichloroacetlc acid,
however, there is an acceleration in the rate of decompo-
sition, the increase belng proportional to the concentra-
tion of aclid. A similar effect, though not so large, was
obtained in the decouposition of cyclohexaneacetyl
peroxide. This action results 1in a decrease in the yield
of carbon dioxide and cyclopropylcarbinyl cyclopropane-
acetate, as well as in the formation of an ecter of
trichloroacetic acid, the nature of the alkyl group not
beilng determined.

4. Pyridine also accelerates the decomposition of
cyclopropaneacetyl peroxide. Cyclohexaneacety! veroxide
behaved similarly; the effect, however, was not large.

5. t-Butyl cyclohexanepercarboxylate decomposed
three times faster than t-butyl cyc1opropanépercarboxylate
in carbon tetrachloride at 110°. The enthalpies of
activation for the reactions were 28.7 and 30.7 kcal./mole
respectively.

6. An improved procedure was developed for the
Preparation of cyclopropanecarboxaldehyde. Cyclopropyl-
Carbinol was catalytically dehydrogenated over a copper-

Zinc catalyst at 300° to give the aldehyde in 81% yield.
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EXPERIMENTAL
I. THE PREPARATION OF CYCLOPROPANEACETIC ACID

A. Displacement Reaction of Cyclopropylcarbinyl
Benzenesulfonate with Potassiwi Cyanide.

Cyclopropylcarbinyl benzenesulfonate was prepared
according to the procedure of Bergstrom and Siegel (46).
A mixture of 53 wml. of 2,4,6-collidine and 15.8 g.
(0.22 moles) of cyclopropylcarbinol was cooled to -5°¢ and
38.7 g. (0.22 moles) of benzenesulfonyl chloride was added
at such a rate that the tenmperature was maintained between
0-5°. Methylene chloride (50 mi.) was added as solvent.
The temperature was allowed to rise to 12°, where it was
maintained for one hour. The 2,4%,6-colllidine was s_owly
neutralized with 50 ml. of 1ce-cold 10 N sulfuric acid,
so that the temperature did not rise. The resulting layers
were separated and the water layer was extracted with
several portlons of iiethylene chloride. The combined
extracts were then wasned several t.mes with coid 2.5 N
sulfuric acild.

After removing the nethylene chloride, 40 ml. of
water and 50 g. of potassium cyanide were added to the
residue and the mixture was stirred for several days at
roora temperature. Sufficient water was then added to
dissolve the inorganic salts and the mixture was extracted
With ether until the extracts were colorless. The
extracts were combined and dried over potassium carbonate.

After the drying agent was flltered, the ether was removed
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on a steam bath and the remaining iiquild distilled under
reduced pressure. One fraction, boiling frow 43-63°/20 mm.,
was collected, the remainder oeing tar and high boiling
naterials. The infrared of the distillate indicated a
vreponderance of an isoniftrile, along with siall a.aiounts
of nitrile, 2lcohol and olefin.

Refluxing this mixture with aqueous potassiu.

hydroxide, followed by acldification, afforded a small

amount of crude acid, which was not identified (Figure 7).

B. Attempted Condensation of Cyclopropanecarboxaldehyde
with Rhodanine.

1. The Preparation of a Copper-Zinc Catalyst.

The metnod used was essentially that of Ienske and
Hart (47). Cupric nitrate trihydrate (104% g., 3.54 moles)
and zinc nitrate hexahydrate (136 g., 0.56 moles) were
disczolved in one liter of distilled water. The colution
was heated to 70°, filtered to remove insolubie particlés
and treated at 70° with concentrated ammonium hydroxide.
Before an excess of aumonium hydroxide was added, the
Precipitated hydroxides were filtered. The addition was
continued until precipitation no longer occurred and the
mixture cf hydroxides was filtered. The hydroxides were
Washed with 1.5 liters of water and dried in an oven at
125° for 6 hours. The cake was ground to a powder, which
Was dried at 125° for an additional 24 hours.

An eighteen-inch glass column equipped with a
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thermocoup’e and wound with Nichrome wire was packed with
the powdered hydroxides, using a glass wool support. The
colunn was heated to 325°, and air, previousiy dried by
phosphorus pentoxide, was pascsed through until evolution
of oxides of nitrogen ceased. The colurn was then allowed
to cool to roo: temperature.

The packed colurin was flushed with hydrogen while
being gradually heated to 200°. At this temperature,
water was evolved and the temperature rose abruptly to
250°, where it rei:alned until the evolution of water
ceased. The column was then allowed to cool and the flow

of hydrogen stopped.

2. Dehydrogenation of Cyclopropylcarbinol.

To the packed coluwn was attached a dropping funnel
and a condenser. The column was heated to 300° and 60 g
(0.83 moles) of cyclopropylcarbinol (46) were added drop-
wise. The reaction was followed by measuring the amount
of hydrogen liberated by means of a flowmeter. The yield
of aldehyde (b.p. 100°/744 mm.; n25 1.4265) was 33.1 g.,

81% conversion based on 42 g. of unrecovered alcohol.

3. Attempted Condensation of Cyclopropanecarboxaldehyde
with Rhodanine.

DE HzC/P 5 i) NaOH,
H + H-—CHC Dcnzc ~COH
s-—{ﬂ [ ym 2) W@
S-G\ (11)

S
(1)
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0
NH20H I Ac20 1) KOH
— [::>CH29—COH, —_— CHzCN 2y g+ CH2CO0=H
HON
(171)

To a solution of 10 g. (0.075 moles) of rhodanine
and 5.3 g. (0.076 moles) of cyclopropanecarboxaldehyde in
25 g. of glacial acetic acid was added 20 g. of freshly
fused sodiuwn acetate. The i.ixture was refluxed for 35
minutes with occasional stirring. Upon addition of the
mixture to 150 ml. of water, a reddish-black gu.,
presumably I, separated. Attempts to crystallize the gum
failed. It was then dlssolved 1in 200 ml. of 2 N sodium
hydroxide and the solution was refluxed for twenty :uilnutes
filtered and allowed to cool. Upon rapid neutralization
with 2 N hydrochloric acid, 7 g. of a rust colored powder,
presﬁmably IT, was obtalned. Attempts to crystallize this
also failed.

The powder (7 g.) was added to 5.0 g. of hydroxylamine
in ethanol, prepared by mixing 10.4 g. of hydroxylanine
.hydrochloride and 3.45 g. of sodium in 100 ml. of ethanol
and filtering the sodiwi chloride formed. The mixture
Was heated until hydrogen sulfide ceased being evolved;
the alcohol was then removed by evaporation under reduced
pressure. The residue was dissolved in 100 ml. of 2 N
Sodium hydroxide. After filtration, the solution was
Cooled and acidified with 1.5 N hydrochloric acid to a

Congo Red endpoint, yielding 4.5 g. of a yellow
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precipitate, presw.ably III.

The oximino-acid (III) was refluxed with 23 g. of
acetic anhydride for twenty minutes and steami-distilled,
250 ml. of distillate being coliected. A carbonaceous
residue remained in the reaction flask. The distillate
was neutralized with sodium carbonate and extracted with
three 35 ml. portions of ether, which were combined and
dried over magnesiw. suifate. The drylng agent was
filtered and the ether evaporated. A tsmall amount of
liquid, whose infrared spectrum contained no nitrile band,

was obtained.

C. The Preparation of £ -Cyclopropylethanol.
L4

1. Using Cyclopropylmagnesium Chloride.

In a two-liter three-necked round-botto.ed flask
equipped with stirrer, dropping funnel and dry-ice condenser
was placed 42.6 g. (2.04 g. at.) of magneslw: turnings.
To this was added slowly, with stirring, a mixture of
125 g. (1.63 moles) of cyclopropyl chloride (%8) and 50 g.
(0.29 moles) of freshly distilled benzyl browuide in 376 g.
of dry tetrahydrofuran. After the addition was complete,
the mixture was refluxed for 18 hoﬁrs. Treatment of the
iiixture wlth standard acid and back-titration showed that
1.46 moles (76#%) of Grignard reagent was present.

To the ice-cold mixture was added dropwise a solution
of 64.4 g. (2.46 moles) of ethylene oxide in 300 gz. of dry

tetrahydrofuran. After the additlon was complete, the
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mixture was refluxed for two hours. It was then allowed
to cool to room teiperature, filtered through glass wool
to remove unreacted magnesium, poured onto ice and
acidified with 10% sulfuric acid. After the layers were
separated, the aqueous layer was saturated with sodium
chloride and extracted with three 100-ml. portions of
ether. The ethereal extracts were combined with the
tetrahydrofuran layer and the solvents were removed by
distillatlion through a Vigreux coluu.n. To the remaining
solution was added 250 ml. of 4 N sodium hydroxide and the
mixture was refluxed for four hours. .After cooling, the
layers were separated and the aqueous layer was extracted
with three 50-mi. portlions of ether. The extracts were
added to the organic layer and dried over magneciun
sulfate. The ether was removed and the residue was
distilled through a packed colurn to yield 59 g. (42%) of

@-cyclopropylethanol, b.p. 73-75°/50 mn.; n2° 1.4328.

2. Using Cyclopropyllithium.

The method used for the preparation of cyclopropyl-
lithium is that developed by Hart and Holzschunh (9). A
typical preparation is described.

To a flane-dried one-liter three-necked round-
bottomed flask continuously f{lushed with argon and
equipped with a high-speed stirrer and a reflux condenser

was added 7.3 g. (1.06 g. at.) ofvlump lithiwe and 250 ml.

of mineral oil, which had been dried by heating over
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sodiw:. The flask was heated by teans of a Fisher burner
untll the lithiui melted, at which time the nixture was
vigorously stirred. ‘hen the 1lithiw. was thoroughly
dicpercsed, the heating was discontinued, but the rapld
stirring was maintained for a saurt veriod to vreveat the
litniur, sand from lusing. Alter the mixture cooled to
roowr tewperature, 1.0:C of the minera? oil was removed by
the addlition of anhydrous ether in portioas, {ollowed by
the apolication of suction, until 500 ml. of ether had
been used.

To the lithiwns sand wac added 250 ml. of anhydrous
ether. A thermometer and a dropping funnel were attached
to the flark, which was cooled to 2°. A mlxzture of 46.3% 3.
(0.60 moles) of cyciopropyl ciloride in 150 ml. of
anhydrous ether wacs added slow.y so that the temperature
of the reaction w.xture never exceeded 10°. .. fter the
addition was complete (about three hours), the mixture was
stirred for an additional hour. The cyclonropyllithiu
was then ready for use.

To the ethereal sucpension of cyclopropyllithium was
added a dry-ice-cold mixture of 53.2 g. (1.21 :toles) of
ethylene oxide in 300 ml. of anhydrous ether at such a
rate that the teiperature of the mixture never exceeded
10°. After the addition was complete, the stirring was
continued for an additional hour at 2°.

The mixture was poured into water and acidified with

ice-cold 10,5 sulfuric acid. The layers were sevnarated and
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the aqueous portion was saturated with sodiumn chloride.
The water layer was then extracted with three 75-i.1.
portions of ether; the extracts were corbined with the
ether layer and dried with anhydrous potassiwa carbonate.
After filtration, the ether was removed by distillation
through a Vigreux column. Distilliation of the residue
under reduced pressure afforded 30 g. (66%) of ﬁ'—cyclo—
propylethanol. The infrared spectrum 1s shown in Flgure

8.

D. Oxldation of A -Cyclopropylethanol.

i with Potassiwa Permanganate.

In a two-_iter three-necked round-bottored f a:ci
equipped with stirrer, dropping funnel and condenser was
piaced 27 g. (0.31 roles) of g-cyclopropylethanol and a
solution of 7.0 g. of sodium carbonate in 70 ml. of water.
To this was added dropwise, over a period of 2.5 hours, a
solution of 66 g. (0.42 moles) of potasciurn permanganate
in 1800 ml. of water. After the additilon was co:p'ete,
the flask was cooled to ice tewperature and then stirred
at room teuperature for a day.

The precipitate of :.anganese dioxlide was then
filtered. The filtrate, which was still purpie, was
heated to bolling, at walch time the color diszpoeared.
The solution was refiltered and the filltrate was
evaporated to 150 mi. The solution was cooled and washed

with 50 ml. of ether. It was then covered with 100 m . of
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ether and acldif ed with 6 N sulfuric acid to the Congo
Red endpoint. The rayers were separated and the aqueous
portlion was extracted several times with ether. The
combined ether extracts were dried over ragnesiuu sulfate.

sfter filtration, the ether was removed by distil-
lation. Distillation of the remalning liquid afflorded
11.5 g. of acidic material, b. p. 92-93°/15 wm.;
n2' 1.4375. The index of refraction indicated that it
was a mixture of cyclopropanecarboxy.ic and cyclopropane-

acetic acids.

Cyclopropanecarboxy. ic acld nio 1.4390 b.p. €7°/25:m.(7)
Cyc:opropaneacetic acid nil 1.4340 b.p. 8o/ 5.:.(7)
2. Oxidation Using Chrowmiumn Trioxide-Sulfuric Acld.

To a one-l.ter three-necked round-bottouned flask
equipped with reflux condenser, dropping funnc: and
nagnetlic stirrer and cet in a water bath was added 32.5 g.
(0.46 moles) of ﬂ -cyclopropylethanol and 32.5 rl. of
acetone. To this well-stirred solution was added slowly
a solution of 62.5 g. (0.615 woles) of chrow:ium trioxide
ané 25.8 g. (1.0% moles) of sulfuric acid in 405 1. of
water. Tne addition required approximately thirteen hourc;
the temperature of tihe bath was never a lowed %to exceed
30°. Water (100 ml.) was added and the mixture stirred
for an additional hour; the aqueous .ayer was still acid
to Congo Red. The iayers were separated and the water

layer extracted with three 100-m1. portions of ether.
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The ether extracts were added to the organic layer and
the solvents were removed by distiliation on a steau
bath. To the residue was added 300 ml. of 4 N sodium
hydroxide and the whole was refluxed for 5 hours. After
the mixture cooled, it was extracted with three 50-i.:l1.
portions of ether. The ether extracts were combilned,
dried over potassium carbonate, and filtered. The ether
was removed by distlllation. The residue yielded 6 g. of
unreacted alcohol.

The alkaline solution was acldifled to Congo Red and
was extracted with four 75-r:1l. portions of ether. The
extracts were combined, dried over magnesium sulfate,
filtered and the ether removed by distillation. The
residue afforded 22.3 3. (57%, based on unrecovered
alcohol) of cyclopropaneacetic acid. The infrared
spectrun: is shown in Figure 9.

v.p. 91°/15 rum. n2s 1.4321 Neut. Eq. 100.1

Lit. Values ( 7 ) b.p. 8y°/15 mii.3 n2> .. 4320 Neut. Eq. 100.]

II. THE PREPARATION OF ACYL PEROXIDES.

A. Preparation of the acid Chlorides.

The acid chiorides were prepared from the
corresponding aclds either by reaction with thionyl
chloride or by exchange with benzoyl chloride.

1. Preparation of Cyclopropanecarboxylyl Chloride

To a 100-i1l. round-bottomwed flask equipped with a

distiilatlon head was added 10.0 g. (0.12 woles) of
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cyclopranecarvoxylic acid (49) and 33 g. (0.24 noles) of
benzoyl chloride. The mixture was heated and the distillate
was collected until the temperature of the distillation
head began to drop. Redistillation yielded 7.0 5. (57%)
of cyclopropanecarboxylyl chioride, b.p. 113-5°. Li¢t.
Value (40) 112-5°.
2. Preparation of Cyclopropaneacetyl Chloride

(a) By Exchange with Benzoyl Chloride

The reaction was similar to the one above. Cyclo-
propaneacetic acid (10 g., 0.10 moles) and benzoyl chlorilde
(29 g., 0.21 noles) afforded 6.0 g. (51%) of the acid
chloride, b.p. 132-134°. Lit. Value (40) b.p. 132-133°.

(o) By Reaction with Thionyl Chioride

A mixture of 10 g. (0.1 moles) of cyclopropaneacetic
acid, 13.1 g. (0.11 uioles) of thionyl chloride and 25 ml.
of chlorofor: was refluxed for 4 hours. After cooling,
the chloroform and the excess thionyl chloride were
removed by distillation through a small Vigreux column.
The fraction boiling at 132-33° was collected and amounted
to 7.5 g. (63%). The infrared spectrum is shown in
Figure 10.

3. Prepération of Cyclohexanecérboxylyl Chloride

4 50-ml. round-bottomed flask was charged with 6.5 g.
(0.05 moles) of cyclohexanecarboxylic acid and 6.4 g.
(0.054 moles) of thionyl chloride. After the initial
reaction subsided, the mixture was refluxed on a steam

bath for an hour. The mixture was then distilled. Upon
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redistillation, the fraction boil.ng from 77-80°/20uun.
was collected. This amounted to 5.7 g. (0.039 moles) or
78% of the theoretical amount.
L. Preparation of Cyclohexaneacetyl Chloride
Cyclohexaneacetic acid (10 g., 0.07 moles) and
thionyl chloride (9.5 g.. 0.08 .oles) were treated as
described above, except that after the reaction was
complete a partial vacuum of 2 nm. was applied for one
hour to ensure the compliete removal of the excess thionyl
chloride. Distillation of the residue afforded 9.5 g.

(0.059 moles, 84%) of the acid chlorlide, b.p. 114-6°/15 .

5. Preparation of Trans-4-t-Butylcyclohexanecarboxylyl
Chloride

The procedure was identical to that of cyclohexane-
acetyl chloride. Three grams (0.016 moles) of the
corresponding acid (42) and 1.9 ml. (0.024 moles) of

thionyl chloride yielded 2.75 g. (0.013 moles, 84%) of the
acid chloride, b.p. 85°/1 na.

B. Preparation of Acyl Peroxlides

The acyl peroxides were prepared by treating the acid
chloride in ether with an equivalent amount of sodium
peroxide. Details of the preparation of cyclopropaneacetyl

peroxide are given as an example.
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In a 300-m1. three-necked round-bottomed flask, 1ce-
cooled and equlpped with a magnetic stirrer, reflux
condenser, dropping funnel and theriioueter there was
placed 2.0 g. (0.026 woles) of sodium peroxide and 40 ml.
of anhydrous ether. To this was added 5.8 g. (0.04< moles)
of cyclopropaneacetyl chloride and the reaction was
initiated by the addition of several drops of water, with
additional drops added later to keep the reaction going.
The reaction was assumed to be complete when the yellow
color of the sodlum peroxide had disappeared and the
addition of water no longer caused the temperature to rice.

Cold water was added to dissolve the salt. The
mixture was stirred for several ninutes and the layers were
separated. I the aqueous layer was not basic to lltmus,
the ether layer wés washed‘with 10% sodium carbonate
solution. The ether layer was then dried over calciun
chloride. |

The iilxture was filtered and the ether removed on a
Rinco evaporator. The renaining liquid was dissolved :.n
20 1. of pentane and crystallized at dry-ice temperature
in an atwosphere of carbon dioxide. Tne peroxide would
remain crystall .ne .f stored at -20°, but melted when
warmed to roo.. teuperature. Tliltration of the peroxide
according to tiie method of Silbert and Swern (.0) indicated
a peroxlde content of $55. The infrared spectra in

carbon tetrachloride and carbon disulfide are shown in



Fiogures 11 and 12. 0Oin one or two occacions, wnreacted acid
chloride appeared as an lmpurlty and was remioved by
washing with sodiu.. caroonate solution; this was necessary
for the acid chloride accelerated the decomposition rate
of tne peroxide.

The other peroxides used were prepared in a2 g¢i. ilar
..anner. Cyclonexaneacetyl peroxide, also a liquid, was
crystallized in an 1identical fashion and pos:cesced a
peroxide content of &8%. Cyclopropaneformyl and
trans-4-t-butylcyciohexaneformyl peroxides, waich were
solids at roou temperature, were recrystallized fro.

n-hexane and possessed purities of 99+p,.

III. THE DECOMPOSITION OF ACYL PEROXIDES

A. Kinetics of Deconiposition

The decompositions were perforired in the apvaratus
illustrated in Figure 135. Tiie peroxides were used in the
form of a standard solution in carbon tetrachlbride. A
20-ml. portion of the solution was placed in the reaction
fiask; the flask was then set in a constant-temperature
bath and allowed to attain therial equilibrium. The f{irst
sanpie was taken to be zero-tine; samples were wlthdrawn
periodically, placed into vials and frozen in dry-ice
until analyzed.

I'or analysis, the saiples were allowed to thaw and
the peroxide content was deterained either spectrophoto-

metrically by following the disappearance of the 5.62x
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band, or by ilodowretric titration, usling the i..ethod of
Sllbert and Swern (36).

The iodoietric titrations were perforiied in the
following manner. A l-iml. portion of the peroxide solution
was dissolved in 5 .:1. of glacial acetic acid containing
0.0005% ferric chloride hexahydrate, FeCls:6H20. The
solutlon was degassed with carbon dioxide, 0.5 wl. of
water saturated with sodium lodide was added and tie
wlxture was placed in the dark for twenty minutes. After
the addition of 5 1.1. of water, the mixture was titrated
with standard thiosulfate, with 2 ml. of starch being
added shortly before the end-point was reached.
Standardization of the thiosulfate solution using this
method with benzoyl peroxide produced results identical,
within experimental error, to those obtained using

potassium lodate.

B. Products of Deconposition of Peroxides

1. Trans-4-t-butylcyclohexanecarboxylyl Peroxide in
Carbon Tetrachloride

A solution of 0.041 g. (0.11 iwuoles) of the peroxide
and 4.5 ml. of purified carbon tetrachloride (35) in a
50-ml. flask was refluxed in a nitrogen atmosphere for
five hours. After the nixture cooled. the ester content
was determined by measuring the intensity of the 5.75,~
band and translating this into concentration using a
standardization curve prepared fron pure trans-4-t-butyl-

cyclohexyl trans-4-t-butylcyclohexanecarboxylate; thic
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was obtailned.
2. Cyclopropanecarboxylyl Peroxlilde in t-Butylbenzene

Cyclopropanecarboxyiyl peroxide was deco..pocsed in
t-butylbenzene with the hope of obtaining dicyclopropyl,
E)——(j . A 300-rl1. three-necked flask equipped with
reflux condenser, dropping funnel and nitrogen inlet tube
and maintained at 78° was charged with 50 ml. of t-butyl-
benzene. To this was added over a period of f{'ive hours
a solution of 5 g. (0.03 moles) of the perox.de in 90 mni.
of t-butylbenzene. Tne mixture was heated for an additional
seven hours. The infrared spectrum of the reaction mixture
Indicated that the peroxlide was not entirely decouposed
and that the principal products were ester and acid. The
solution was refluxed for two hours lonzer and the infrared
spectrum of the first few r.illlliters of distillate
indicated that no dicyclopropyl was foried.

The reactlon mixture was shaken with 150 mi. of I N
sodium hydroxide for fifteen ninutes. The alkaline solution
was acldlfied and extracted with ether. The extract was
dried with magnesiw. sulfate and filtered and tnhe ether
evaporated. The reslidue was titrated with standard base
and contained 0.4 g. of acid, calculated as cyclopropane-
carboxylic acid. Distillation of the dried t-butylbenzene
solution did not separate the ester from the solvent. The

yield of ester was estirated frou the infrared spectrum to
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be 1.4 g., or 37,0 of theoretical, calculated as cyclo-
propanecarboxylate.

Deconmposition of the peroxide in refluxing
chlorobenzene yielded sinllar results, with no dicyclo-

propyl belng detected.

3. Decomposition of Cyclopropaneacetyl Peroxide in
Carbon Tetrachloride

The apparatus used for determining the products of
the deconposition was essentially that used for kinetics
runs (Figure 13), except tnat two dry-ice traps and a tube
containing Ascarite and Anhydrone for the determination of
carbon dioxide were placed, in that order. between the
reaction vessel V and the drying tube D'. A known
amount of a standard solution of peroxide in carbon
tetrachloride was refluxed for three hours in a stream of
purified dry nitrogen (50). The flow of nitrogen was
continued for a half-hour while the reaction nixture -
cooled. The carbon dioxide evolved was determined by the
increase in weight of the Ascarite tube, while the ester
and acld were determined spectrophotomnetrically, using the
5.75u and the 5.87u bands respectively. The results are
llsted in Table 8, nage 29.

To obtain more information regarding the nature of
the ester, most of the carbon tetrachloride was distilled
through a packed column. Tuhe remaining liquid was washed
with 10% sodlum carbonate solution and dried over calciui

Sulfate. The filtered liquid was distilled under reduced
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pressure and, upon redistillation, ylelded a materlial whose
infrared spectrun was somewhat similar to that of cycio-
propylcarbinyl cyclopropaneacetate. The uiiXxture consisted
of almost entirely one product, as was indicated by the
vapor-phase chroi.atograph; purification of the coupound
using tnis rnethod was liipossible because of extensilve
deconiposit.on occurring in tne coluiwn. A spectru. of tne
high boiling .ateria. appears .n i'igure 4.

For tae deterwination of aikyl chloride, 96 ..1. ol a
0.076 N peroxlde solution in carbon tetrachloride was
refluxed for three hours. The intrared spectrur or the
first ten milliliters obtained on distillation through a
packed colunin possessed a small carbon-hydrogen absorption
peak. A partial vacuwu was applied to the remainder of
the solution and everything volatile at room temperature
and 5 mm. of pressure was collected in a dry-ice trap.
Most of carbon tetrachloride was fractionated; each of the
fractions possessed a slight carbon-hydrogen absorption
peak in the infrared. The remaining . iquid (10 ml.) was
distilled, not allowing tne temperature of the o0il bath
to exceed 100°. The temperature of the distillate
gradually rose frow 76-80°, after which it dropped slowly.
The infrared spectrum showed that, in addition to small
amounts of ester and acid, a substance, either an alkyl
halide or a hydrocarbon, was present. The a.ount,

calculated as alkyl chloride, was estinated from the
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carbon-hydrogen absorption. Absence of an olefinic peak

indicated that the co:pound was saturated.

4, Decomposition of Cyclopropaneacetyl Peroxide in the
Presence of Trichioroacetic Acid

The apparatus used {'or the decouposition is that
described above. A mixture of carbon tetrachloride
solutions of the peroxide and of trichloroacetic acid was
refluxed for three hours and the carbon dioxide evolved
determined by the increase in weight of the Ascarite tube.
The solution was cooied, washed with 107 sodiuu carbonate
solution and dried; the filtered solution was then diluted
to 50.0 mi. The ester produced was deterimined by infrared;
two ester bands were present, one at 5.67. and another at
5-76/&. The data are listed in Table 10, page 32.

5. Initiation of the Polyuerization of Styrene by
Cyclopropaneacetyl Peroxide

Two flasks were each charged with twenty grams of
frecshly distilled styrene; to one was added one grai:. of
cyclopropaneacetyli peroxlide. The fliasks were placed in a
water bath maintained at 40-60°. The extent of
polymerization was noted by cooling the flasks at intervals
and comparing the viscosities and opagueness of the
solutions; the flasks were then returned to the water batn.
Throughout the four hour observation period, the styrene
containing cyclopropaneacetyl peroxide was both :iore
Viscous and opaque. .t the end of f{four hours, this

Solution required twice the tiliie as the uncatalyzed
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styrene to drain approximately the saire length.

IV. PREPARATION OF t-BUTYL PERESTERS OF SOME ALICYCLIC
ACIDS

A. Purification of t-Butyl Hydroperoxide

t-Butyl hydroperoxide (Lucidol Corp.) was dried by
refluxing at 40 mm. and removing the water as it was
collected in a distillation head. The hydroperoxide was
then distilled and the material bolling at 51-52°/40 mn.
was collected; nj 1.3395. Lit. value ng> 1.3986 (52).

B. Preparation of the t-Buty! Peresters

The peresters were prepared by treat.ng the
appropriate acid chloride (prepared as described above)
with t-butyl hydroperoxide 1in the presence of pyridine.
This 1s based on the method of Bartlett and Hiatt (2).

The preparation of t-butyl cyclohexanepercarboxylate 1is
described.

In a 100-:1. round-bottoued flask was placed 25 ml.
of dry pyridine, 25 :.1. of anhydrous ethyl ether and 10 g.
(0.11 moles) of t-butyl hydroperoxide. The solution was
stirred with a magnetic stirrer and was cooled to -6 to
~-8° by means of an ice-salt mixture. Cyclohexanecarboxylyl
chloride (10.1 g., 0.97 noles) was added at such a rate
that the temperature did not rise above 5°. After the
addition was complete, the reaction mixture was placed in
the freezer coupartment of a refrigerator (-17°¢) for

SIxty hours. During this perlod, a white precip.tate,
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presw:ably pyridine hydrochloride, had separated. The
mixture was washed with s..all portions of iced 1i0p
sulfuric acid to remove the pyridine, then with 10,. sodiu.
carbonate to remove any acid present and finally with
water. The ether layer was then dried over magnesium
suliate. The solution was filtered and the ether removed
by a Jjet of dry air. The residue was paszed through a
colunn of lorisil and eluted with pentane. The first
fifty milllliter=z, arter removal of the pentane by
evaporation, gave a residue of 6.5 g. Its infrared
spectru: (carbon tetrachloride) possessed no extraneous
acid or hydroxyl peaks and is shown in Flgure 15.
Titration of the perester using a ﬁethod pased on a note
of Sinon (52) ilndlicated a peroxide content of T7%.

he t-butyl perester of cyclopropanecarboxylic acild
was prepared in an analogous ianner. Its infrared spectrua
is shown in Figure 16. The purity of the perester was
76%, as indicated by titration.

cC. Method of Titration of the Peresters

Aliquots of carbon tetrachloride containing a inown
amount of perester were added to flasks containing a
solution of 10 ml. of acetic anhydride, 10 ml. of gzlacial
acetic acid. 30 ml. of absolute alcohol, 6 g. of votassium
1odide and 20 ml. of water. The nixture was degassed with
Ccarbon dioxlde and was allowed to stand for two hours with

occacional shaking. Water (150 ml.) was added to the
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solution, which was then titrated with standard thio-
sulfate. .tarch was used as the indlcator, although the

color was brown instead of purple.

V. THE DECOMPOSITION OF PERESTERS

The perester wac dlscolived in sufficient carbon
tetrachloride to make an approxirately 0.06 N solution.
Portions of this colution were sealed in arpoules, nlaced
in an oil bath maintained at the decired teiperature and
allowed ten minutes to attain thermal equillbriwi. The
first sample was taken as zero-tliie; sanples were taken
at intervals and frozen in dry-ice until analyzed. They
were thawed and the peroxide content determined svectro-
photometrically. The liinetics were determined by followiag
the rate of disappearance of the 5.62,u band, which is
characteristics of peroxide carbonyls. The rate conctants
were obtained from the btransmissions by means of' the

equation listec on page &7.
VI. MISCELLANEOUS EXPERIMENTS

A. The Preparation of Cyclopropylcarbinyl Cyciopropane-
acetate

0
‘ |
DCHzICCI + [>CH20H _byrldine, {>CH2«‘JOCH2<]

A 125-ul. Erlenmeyer flask was charged with 20 ml.

of dry pyridine, 2.6 g. (0.022 moles) of cyclopropaneacetyl

chloride and 1.6 g. (0.022 moles) of cyclopropvlcarbinol.
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The flask was stoppered and the :n.ixture was allowed to
stand at roo:: temperature for two hours, after whicn 1t
was diluted with 50-uwl. of ether. The ether solution was
wasned with two 50-ml. portions of water, then with 25 .1.
of 105 sodiu.. carbonate and again with 50-ml. of water.
After drying over ragneciui sulfate and filtering, the
ether was re:mxoved under reduced pressure. The remalining
liquid was dlctilled through a small Vigreux column and
2.1 g. (62%) of the ester was obtained, b.p. 65-6(°/2 mm.;
n2s 1.4470.
Lit. values (4%0) b.p. 63-65°/2 um.; nis 1.4475
The Infrared spectrun of the ester is shown 1n Figure 17.

B. The Preparation of Cyclopropylcarbinyl Trichloroacetate

A mixture of 4 g. (0.024 moles) of trichloroacetyl
chloride, prepared by the action of thionyl chloride on
trichloroacetic acid, and 1.8 g. (0.025 moles) of cyclo-
propylcarbinol in twenty wnlllliliters of dry pyrldine was
allowed to stand, with occasional shaking, for three hours.
Fifty milliliters of ether were added and the wmixture was
washed succescively with 50 ml. of water, 25 ml. of cold
10% sulfuric acid,>25 ml. of 10% sodiun carbonate solution
and finally again with 50 ml. of water. After the ether
solution was dried and filltered, the solvent was removed
under reduced pressure. Distillation of the remaining
liquid through a small Vigreux column afforded 2.8 g.

(0.01% moles) of rnaterial bolling from 81-85°/5 iu..:



*9pPTJICTYOBAF AL

uoqae) utl oqegeoeaurdoado(oh) TAuTqaeoTAdoado(oL) Jo vnazdad§ padeajul /T 2an8T g

SUOIOTIW UT yaJua[arepm

A 5 SO 11 ot 6 8 ) 9 S T ¢
1 > 4 g T T T T | T







82

ny 1.4690. The infrared spectrun (Figure 18) showed a

carbonyl absorption at 5.67/4.

C. Reaction of Cyclopropaneacetic Acid with Sulfuric
Acid

A mixture of 1 g. of cyclopropaneacetic acid and

15 wl. of 20% sulfuric acid was refluxed for thirty
minutes and, upon coollng, extracted with 25 wl. of carbon
tetrachloride. After the extract was dried over cailcilum
sulfate and filtered, an infrared spectrum was taken. In
addition to an acid carbonyl peak (5'8Zﬁk): a band at
5.63 4 was present. This is the range of 7 -lactones and

the peak 1is ascribed to the presence of /5 -methyl-Y-butyro-

lactone.
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Derivation of Equation Used in Calculating Rate Constants.

The equation used to follow the decomposition spectrophoto-
metrically was obtained by the following manipulations. From the

equation for a first-order reaction, one has
_ -kt
logc—m+log Co (1)

where c, is the initial concentration of peroxide and c the concen-
tration at time t. From Beer’s law,

2.303 2.303 1
- > - (2)

KT %8 T T or 198 o
where I and I, are the intensities, k’ the absorption coefficient, 1’

the length of the cell and Tr the transmission. Combining (1) and

(2), one obtains

2.303 1, _ -kt
log(—R—,l—r— log ;f,—lj) = m + log ¢, . (3)
Further,
1 -kt 2.303
(4

loglogrr-;=m+logco -log—le—,—.

Then

log(-log Tr) = 5-:;-%5 + log ¢, - log —Z-E:i—(,)}- . (5)
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Combining all of the constants,

“kt
2303 * K- (6)

log(-log Tr) =

The rate constants were obtained by plotting log (-log Tr)
versus t and multiplying the slope of the line, which was obtained
by the method of least squares, by 2.303.

The enthalpy of activation, AH*, was calculated using a form
of the Eyring equation (53)

lo l(.z_-_AL.}-
€ T ~ 2.303 RT

Z , (7
where R is the gas constant, T the temperature in degrees Kelvin
and Z a constant.

The entropy of activation, AS*, was calculated directly from

the Eyring Equation (53)

k

k.bT AS*/R - AH*/RT
=5 e e , (8)

where h is Planck’s constant, 6.62 x 10“27 erg. sec., and kb is

16 1

Boltzmann’s constant, 1.37 x 10~ erg. deg. .
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