STUDIES CF CYCLCPROPYLCARRINYI-ALLYLCARBINYL

FRET RALICALD

Thesie by

Allan Joseph Rosen

Ir Partial Fulfillment of the Requirements
For <he Degree oF

Doecter of Philosophy

Calif'ornis Institute of Technology

Fagadena, Calii'ornle

1955



Tc

LEDICATZCN

my narents, wac created the stmogphere which

Te

made it poessible for me to accompliish this work;

Stephenie, for her psvilence curing and her assist-

T'o

cnce in the executior of this work, -ub especially

for ner love;

Elizebeth deane, in the nope that thls work msmy

pervaps scmeday help te insplre In her the desire
tc seck after sruth =nd to =2xplore the worid

around hoer.



ACKNOWLEDGMENTS

Above all the avthor is deeply grateful to Professor Jchr D.
Roberts, under whose direction this work was carried oub, Tor his
guidance, incpiration, anda patient understanding.

The author Is zlso indebted to Professor George 5. darmond
for his invaluable assistence to this work in the form of meny stimu-
iating, helpful discussions, for glving generouwsly of kis time, and
Tor his enthusiastic encouragemenz.

Special thanks are duc to Mzrjorie Caserio, cver ready o
858ist or couxsel at s moment's notice. Shers who have made helpful
contributions include Ray Lutz, Meriin Howden, Fred Kaplan, Jirx Burcon,
Den Grayon, George Whitesides, Bruce Kover, Caroie Hamilton, Ken Servis,
Guy Mosaes, and John Baldwic,

The financial support ¢ the Kational Science Foundaticn ir the
Tcrm of Predoctoral lbellowsnips during the entire period of graduste

study is gratefully asckrnowiedged.



ABBTRACT

The diugfbutyl~percxideuinitiated decarbenylations of cyclo-
propylacetaldehyde and dimethyicyclopropylacetaldéhydé in the presence
of benzyl mercaptan have been carried cubt and the chain~transfer con-
stants of neopentane, n~butane, 2,3-dimethylbutane, methylcyclopropane,
and isopropyleyelopropane with styrene at 79.1° have been determined
in an attempt to ascertain the.nature and number of the intermediates
invelved in interconversions of certain cyclopropylearbinyl and allyle
carbinyl derivatives in free~radical réactions. These interconversions

are shown to be reversible. It is concluded thabt the nonclassicsal

homoallyl radical and the classical allylearbinyl radical are the
intermediates invblved in the free~radical interconversion of the
cyclopropylcarbinyl'and allylcarbinyl skeletons. No evidence is
found for the existence of a nonclassical dimethylhomcallyl radical;
the classical dimethylcyelopropylcarbinyl and (y,y-dimethylallyl )-
carﬁinyl radicals are probably the only intermediates involved in
the free~radical interconversion of the dimethylcyclopropylearbinyl

and (7, r~dimethylalilyl)—carbinyl skeletons.
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INTRCDUCTION

In recent years the interconversion of cyclopropylcarolnyl,
allylecarbinyl, ocnd cyclobubtyl derdivatives in carbonium ion reactions
has been studied extensively; ang equilibrating, unsymmetrical, non-
classical "picyclobutonium” ions (I a~c) have been proposed as inter-
mediateg to aceount for the kinetic data and produet distribhuotions
oogerved {1). It was a loglcal progressicn to investigete the free-
radical reactions of related compounds to determine whetner cr not
similar rearrasngements might take place and whether or not similex

corresponding free—radlcal intermediutes might have to be Invcked.
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Previous and Corcurrent Studies Involving Uasubstituted

Cyclopropyleartinyl-Allylcarbinyl Racdicais

Eistorically, Roberts and Mazur initiated work on the cycelo-
propylecarvinyl Zree radical by = sbudy of Lhe vapor-phase phobtochlor-
inaticn of methyleyclopropane {ab approximately 50°). The monochleor-
inated »roducts, as analyzed by infrared spectroscopy, wers a mixture
containing H4% of cyclopropylcarbinyl chloride, 33% of allylcarbinyl
chleride, 21% of a mixture tentatively identified as l- and 2-chloro-
l-methyleyeicpropane, and 10% of intermediate fracticns (equation 1)

(2).
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monochlorides (relative %'s)

+ pwiychlorinated matesrial (1)

Tae sawe reaction was cerried out in bhe liquid phase ot ~2C7 oy
Brown and Dorkowsxi (5), who identiXied the major low-boiling procuct a&s
eyelopropylearbizyl cnlcride. It was subsequerntly shcwn in these labora—
tories that their produclt coatained allylearbinyl chleorice as well (01).

The vapor-phese photochiorinaetion of methyleyelorpropane was rew—
certly lnvestigeted “n greater cetail by Renk, et al. (6,7). The prode
uet wixtures weve awamined Ty vencr—onase chromatograrhy (v.p.e.) =24
found to be execcetingly caomolex, cortaining up to twenty cifferent com—
ponents. The major moncchlorinated products were isclated by prepara—
tive v.p.c. and shown Lc be cyclepropylearbinyl chicride and allylcar—
binyl chloride. The razio of these chlorides was dependent upon the
extent of completion of the resction eng also The rate of introduction
of chlorine. Tre yield of allylcarbinyl chloride decreased as the re—
action was carried further toward completion, presumakly on zecount of
acdizion of chiorine tc the double wvond. Fatios of cyclopropylesrbinyl
chloriiz to allylearbinyl chloride thus varica from 16:1 to 1:2. As
in Tho above investigetions, nc cyclobutyl chloride wus cetectbed. DRing-
chlorinated monochoorides were identiiiced; sut none ol the higher—bhoil-
ing polychlorinated proaucts.

Of grest significance, the same study (6} showed that the photo—

chlorinetion of methylwljc-cycloprOPane proceedec without isotope-



position rearrangement (i.e., withoub measurable carvon scrambling, as

determined within 5% accuracy by nuclear magnetic resonarce spectros—
: : - : L I . - A2

COPI‘:") tc yield eyclopropyicarbinyl-0-"-C chloride and allyl-y-""C~

cerbinyl chloride (equation 2),
13 hv 1% P . ~
l>— CH 3 "'-*‘é-i;‘“} D 0112 SL -+ CI-I2 = CHCH2 CHE ¢ (

Wnile bhe present studies wers boirng concluded, Walling and
Fredricks (9) reported yet enother study of the liguic-phase photo-
chlorinaticn of methyleyclcoropane. Thelr exgeriments werse in general
carried out using s large sxcess of hydrocarbon tco chlorine (6:1 volume
ratio). Use of larger amounts of the chlorinating agent resultcd in
altered product distributions; in particuiar, the amount of pclycklor—
ingled materisls increased. Thelr results were ancmalous in that there
was apparcntly very little allylcarbinyl chloride “crmed and also their
proauct compogitions apparcntly refiected polar side reactions possibly
involving hydrogen chloride. The product distributions, as determized
by v.p.c., were respectively at 0° and 68°: cyclepropylearbinyl chlor—
ide, 30.3% and 55.6%; Z-chlorcbuvaue, G.1% =ni 9.0%; 1,3-dichlurvbulane,
T.3% and 8.C%; 1,3-dichloro~2-methylpropane, 5.5% and 3.5%; 1,2,d—tri~
chlorobutane, a trace at both terperatures; unidentified 04H7Cl, 2.4h%
and 6.2%; and unidentified higher-beiling material, 22.1% and 16.99%,
The authors nroposed that the 1,%-dichlcrobutane and 1,3-d7chloromz-
methylpropane resulted from a radical displecement on carbon with open—
ing of the cyclopropare ring. Control experimerte drdicated that the
£~chlorobutanc resulten from electrophilic attack upon the cyclopropane

ring of methyleyclopropane bty aydrogen chloride.
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Walling and Fredricks (9) also studied the reaction of zethyl-
cyclopropane with a legs reactlve chlorineting substrate, u-butyl hypo—
chlorite, using experimental conditions similar to thoge deseribed
above. In these experiments, the product distributions reﬁorted re-
spectively at 0° and 68° were: cyclopropylcarbinyl chleride, L2.0%
and 27.9%; allylearbinyl chloride, 4.2% snd 19.6%; a component tenta~
tively identitied as cyclobubtyl chloridée from its v.p.c. retention
tine, 8.9% and 10.2%; unidertified CL;_H'(C-' components (Mtwo peaks,
probatly ring-chlorinated material™), 10.2¢ and 15.4%; and approxi-
mately cight high-boiling wnidentified compcenents, 24.7% and 26.9%.
It is significart that the yield of =llylearbinyl chleride increases
with temperaturc at the expense of cyclopropylcarbinyl chloride, a
point wkhich will be discussed later in thie thesis when the mechan-
ism{s) of these reactions are discussed., It should alsc be noted
that the ildentification of cyclobutyl chloride s a reactior product
is somewhat tenuous; even should its preserce be verified, it 1s nog
clear—or likely--that it arises via & free-radical reaction. The
authors suggest that the cyslobutyl product might arisze vie an ir-
reversible Isomerizaticn of the allylcarbinyl free radical to the
cyclobutyl radical (equation 3); but that process seems improbable
as cyclobutane products have not been detected——alithough sought forw-
in any other reactions believed to vroceea through cyelovropylcarbiayl

or allylcarbinyl free radiczl intermeliates.

CcL

v (cr, ) coct
1 . _/’l___a
-\l —

(3)
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Walling end Frecdricks (9) also studied the reacticas ¢f 1,1~
dimethylzyclcpropane with t-bustyl hypoealoritc and with chlorinc.
Witk z-bubyl hypochlorite the majcr product, identificd by its n.m.r,
and infrared spoctra, was the chlorometayl derivative (52.4% at 0°;
57.1% at 68°). In the case of chlorine l-methyl-l-{chloromethys )—
cyclopropsne was sgain the predominant product (67.3% yisld at 0°
wken products analyzed immediastely after reaction); kEowever, here
too suffiziert hycrcaen chloride is produced so that competitive
glectrophilic ring cpening becomes o serious side reaction, as ruch
a8 45% 2-nethyl-2-chlorotuctene being producec iz a reaction sample

ailcwed to stand (equations 4 and 5).

- "~ - ~
C.f‘I3 UlE [0%4 uHECl
Y
(CH2)3CCC1 7 : (4)
CH:5 - L‘H3
2L
CHy HC1 |
3 Gﬂ5Cﬂéf"—Cﬂﬁ (5,
CH,
% CII:,)

By contrast, the photockhlorination of dicysloprogylimetnane In
carbon telrackhloride al -80° resulled 1z Lhe produciicn vnly of bhe
rearranged allyleartinyl product, l-cyciopropyi—l—chlcro-i~cuzene,
despite the _cow tempersture a7 whizh the reaction was carried oui
(equaticn 5} (lO).

CHl=CHCH,, CH,,C1 (&)

ccly , -60“ 2



-6 -

Enother reaction in wkich cyclopropylearbinyi-type frze radi~
cals are produced is the canlorlration of splrcpentane (IL), recently
investigated by Apploguist, Fanta, and Henriksom (12). The four
major products isolated Trom the photochlorination, thermal chlorina-
tion, acé liquid-phase chlorination of II were identified as chloro-
spiropentane (III), 1,i=di~(chlcromethyl )-cyelopropane (IV), 2-{chlorc
methyl )=d—chloroml-butene (V), and 1,2,4%trichloro-2-{chloromethyl )~
butane (VI), the relative yield of each being dependent upcn the exact
reaction conditions. Chlorovsplropentane srises via the usual chlcorine~
ebion mechanism, as indicated in equation 7. Tke obher products pre-
sumably arise via = cyclopropylearbinylwtype racical (VIL) formed ty
& ring-opcening radical displacenent on a spiropenbtane carbon atom Ty
atoric cnlorine {cf., the Tormation of l,jmdichlofobutane and L, 5
dichloro-g2-methylpropane during the chlorination of methylcyelopropane,
discussed above), a reaction step which might be considered anslogous
to addition ¢f a free radicel to a couble bond. l'-‘prmally‘ the radical
VI can react with chlicrine with or without ring openirng to yield re-
spectively the allylcarbinyl product V or the cyclopropylcarbinyl prode
uct IV (equation 8). Just as allylearbinyl chloride “ormed auring the
chlorination of methylceyclonropane may be consumed by excess chlorine
tc give 1,2,h-trichilorobutane (see sbove), so addition of chlorine to
the double bond of V yields product VI (cquation 9). A small amount
of lechloro-l~(calorcmethyl)-cyclobutans was also found zmong the re-
action products; but this product almost certeinly resulted from addi-
tion of chlorine to the double bond of the methyienecyclobutane which

was known o contaminate the spiropentane.
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The cyelopropylearbinyl free radical has been generatea at
higher temperatures than those previcusly discussed via the jeroxide-
initiated radical decurbonylation of cyelcpropylaceteldenyde (VILL).

This reaction was studied first by Urry ané Hartzler (13) arnt later in
greater getail by Schuster (15). In particular, Schuster investigated
the decarbonylation of cyclopropylacetaldzhyde at a temperature of 1350~
1H0° under a variety of experimental conditions: aldehyde dissolved

in éiphenyl cther, reaction initlated by di-t-bubtyl peroxicde; aldehyde
reat, reaction iritiated LYy diﬂEubutjl percxlde; aldehyde nesl;, re-
setion inibiated by benzoyl peroxide; and aldehyce dissolved in diphenyl

ether, reaction initiated by benzcyl peroxide. The yields varied cepend-



ing upon the cxact conditions; but the only monomeric hydrocarbon prode
et isclated in all of Lhe above cases was bhe recrranged allylicarbinyl
produect, l-butene. A highly simplifiec scheme of the abcve decarbcnyla-
tion reaction is given in eduetions 102~10&4; only the initistion and
chain-caerrying stepso (in the aboence of any hydrogen chain bransfexr
substrate more reactive than the aldehyde itself) are shown. One
possible mode cf formabicn of tne product is via the hypcthetical isca—
erization of the classieal eyzlopropylearbinyl free radiesl (IX) o
the classical allylearbinyl free radicel (X) which can react with the
original zldehyde to give lw~outene (equation 104). It will te shown
later in this thesis that at this relatively elevated temperature even
the prescnce of so potent a chain-transfer agent as benzyl merceptan
leaves thce hydrocarbon product distribution unaltered: within experi-
mental accuracy oaly l~butene is isolated slthough methyleycelopropane

was actively scught.
AN
RCOR —> ZRO- (10a)

RO~ + D—CI—IECHO ~———> RO + D‘Cfﬂgco' (100)
VIII

0
i
CH,C- —— [:>—CH2° + CO (Loc)
O

[:>“CHE' —3 N O L =0 AN+ (E}»Cﬂaé-}(lOd)

In her investigation of skeletal Interconversions in allylcar-
binyl, cyclopropylearbiayl, and cyclobutyl CGrignerd reagents, Hamilton

(16} had cccasion to study the resction of the Grignard reagents derived



..-.9._.

from cyclopropylearbinyl aznd allylearbinyl cklorides with cobaltous
chloride in ether. Aithough there ig disagreement as to the éxact
mechanism cf this reaction, it is generally agreed that the products
are derived from elkyl free radicals gencrated in the course of the
reaction (17,18). TFrom the Grignard reagents derived from a adxture
of 95% cyeclopropylearbinyl ané 5% cyclobutyl chleorides there was obe
tained a wmixture of low-bolling monomeric hydrocarbons consisting of
68% i-butene, 18% trans-2-bubene, 10% cis-2~bubene, 4% cyclobutane

ant possitly a trace of methylcyclopreopane., Whern the rcacbant halide
was allylearbinyl chioride conbaminasled wilh O.4% of cyclubulyl chiuvr-
ide, the analogous product mixture contained 50% l-butene, 29% EEEEETQ"
cubene, 20% cig~2-butene, and =zbout 0.3% cyclobutane, In toth cases
the cycelcobubenc product prebably wags derived from the reactont cyelo-
tutyl chloride,

Thus far we have reviewed studies concerned only with the prcd—
uet dightribubtions from reactiona Snvolving supposedly cyelopropyicarhinyl
and/cr ellylesrbinyl free radéicals ae intermediates. We turn now c z
consideration of investigetions wherein the rate of forration of the
Tree~radical intermediate{s) in such systems was also studied.

Over a period cf years Overberger and his co-workexrs have
studied the decomposition of a series of szo-bis-anitriles derivea
from the corresponding methyl aikyl zetones (19-21). Their results
are summarized in Table 1., IL may be seen that the azo-bis-nitrile
derived irom methys: cyclopropyl ketone decopposcs anywhere from 3.3

to 42.8 times Taster then the cothor azo nitriles. This rate enhance—
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ment was originally attributed to the fermation of a radiecal stabilized
by earbon-carbon redical hypercenjugation (21)," the first such sug—

gestion for a syclopropylearbinyl radical, thusly:

CIL ‘ . CH
[ 2 CH, N ij CE, ‘|’Hj
D—CIJ — ' — (f — =T &— ete.
- ~
O Gl K CH, o

Very recently Overberger, Tobkes and Zweig (22) determined the products
resulting from the decompositicn of the azo-big-nitrile derived from
methyl cvelopropyl ketome, 2,2'-azobis-2-cyclopropylpropionitrile (IX),
both in hexane solution at L0° andé at 69° ané ir the solid state ab
25° and at 40°. In solution the major product was ar "inidentified
brown poiymeric materisl of “ow molocular weight' which was showa by
n.m.r., and infrared spectroscopy to contain cyclopropyl and ritrile
groups and To lack other sources of unsaturation. Also isolated were
the zyclopropylearbinyl coupling product X (in IW4~19% yield) and a
material tentabively identified as l-methylceyclcpenten-H-one azine XI
(6~T% yleld). The azine was posbululed vu have been formed via Lhe
rearrangenent of the keterimine form XIT of the intermediste radical
XIII resulting frox the decomposition ¢ IX. These relaticnships are
illustratcd in equasions lie and 11k, Lo toc sclid state the yicld

of the dinitrile X increased greetly (63-80%) while the yield of the
azine XI teceme negligibie and the yield of polymer dropped. The
grest increage in coapling product was helieved to have resulted

from an ircrcase of "cage" recombinations of the intermediate radicals,

g process obviously favored in the solid stabte where ciffusion apart
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TABIE
?HB Gy
Decomposition of Azc Compounds R—{—N==§—_——R
ON ém
Azc nitrile Ex1Cc* Ea

R me, °C Temp. , °C sec” keal/mole Ref.
Cyelo-C,lig 6L-65 80.2 33 26 20
Cyclo~0335 (6= Bo.2 25 e 20
0% 5 80.2 1.60-1.72 3 19
CiL;CHy, 80.2 0.80-0.94% o3l 19
a-propyl 8o.2 1.65-1.74 23 19
igso-propyl 80.2 2.02=1.03 32 19
a=~butyl 80.2 .58 19
isombutyl 5657 80.2 10 29 20
iso-butyl =76 80.2 7.1 29 20
t-butyl 11h-116 80.2 C.77 35 20
t-butyl 115-318 80.2 1.09 30 20
Cyclo-CyH, 81.5-82.5 80.5 1,51 21
Cyc10mchﬂ7 38-h2 80.5 1.51 21
Cyc1c~051i9 96, 5-97.0 8C.5 1.30 21
Cyelo-C.H, T2 2-Th .5 8.5 1.31 21
~ Cyclo-C H. 108.6-1C9. 4 8G.5 2.7 21
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of the initially forwed geminate radicals becomes exceedingly cifficult

and slow.

CH,
l>——c--—m_..ﬂ——-c—q _N /.-.-.-.L ST ¢ I==F
oN ’
X XIIT (1e
CH., CH.,

— D.. —q @ K—= + poliyrer

um cz\

X
(|E5 CH,
D;g?:r;c:“' > 2 ==N. ——> XI  (11b)
XIZ

Jecomposition of the discyl peroxides XIV
0 Q
{l )
RC—O0—CCR
XIv

can lead to the generation of free wradicals E* . It can be shown from
date irn the literature {£3%,2L,11) that the ratc of decomposition of the
percxides XLV depends upon the nature of R; herce, there mast be R—C as
well as 0—0 benc stretching in the ftransition ztate for the reaction.
There dg = positive correlation between inecreasing stebility of the
redical B and increasing rete of decompositiorn of the corresponding
percxide, in the same marnncr as was cbserved by Bartlett and Hiats (25)

}
for the decomposition of a series of t-bubyl perestere, R'é-O—O—C(CHE)ﬁ.
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In particular Hert end Wyman (11) studied the decomposition
ir. cerbon tetrachicride ot a series of diacyl peroxides XV derived
“rom the corresponding cycloalkylecetlic aciis. ALl the peroxides ZIn

This series exXcept the one

0
N ] . ;
(on,) _, CHCH.C n = 3,4,5,5
2
XV

derived from cyclopropyiacetic acid (XV, m=3) decomposed ab aporoxi-
mately the same rate and gave sim’lar produet distributions, the pre-
Gdominent compcnerts being 65-75% alkyl chlcride and 15-30% ester, as
iilustrated in ecuation 12, Morecver, the rates of deccmposition
were apprOXimaEeiy the same as those for acetyl, propionyl, and n-—
butyryl peroxidcs (25) which aisc yield primary alkyl racdicais upon
deccmposition. Cyclopropeneacetyl peroxide (XV. z=%) dcecomposed
#aster than the others, but the rate data at that time were erratic
and not reproduciblic, the rate enhancement varying Ircom a factor of

1C to one ci 6U0 depending upon She particulzr sapple. AlsO the prods
uet disbribution from tkis peroxide was atypical, the orly major prod-
uct isolated (aside from carbon dioxide) being the ester cyclopropyi-
corbloyl cyclopropylacebate; no 2lkyl chloride product was debected,
altkough sought for. Hart and Wyman were not sure whether to atitrib-
ute this rate and product data to the Formabion of a rescnance—
stabilized eyelopropylearbinyl free radical, to sn acid-catalyzed de-
camposition, or To & reaction mechanism invelving the formation cf

the ester preduct directly from a cyclic transition state having
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appreciable carbcnium ion charscter. This last postulate is 1llus-
trated in equation 13.

o o
R —o—o—c ———} €O, + EC1 + RCC,R + RCOH (12)
(8

In sn stbempt to solve this cconundrum, Hart znd Cipriaci (26)
very recently reexsmined the deccompesition of carefully purified cyclo-
propancacctyl peroxide in carbon tetrachloride over the temperature
renge 4W56.7°. This time reproducible first—order kinetics were ob-
taiced. Although its rate ol decomposition was generally rot ag rapid
gs observed by Hart and Wyman (11), still the peroxide was found to
decompose epproximately 55 times fasier than cyclcnexareacetyl peroxide
(xv, w=0). The enthalpy of activation for cyclopropaneacetyl peroxide
was determined as 2L.3 kecal/mole, about 1.5-2.0 keal/mole less than
the ccrresponding cnthalpy of activation fcr eyclonexancacetyl per-
oxide; the entropy of activaztion was 5.1 cal/degree mole. The decom—
position of the peroxide was found to be falrly sensitive to acid
catalysis, pertizularly by strong acids or unconverted acid chloride
(tfrom the synthesis of the percxide)}. Certainly some free radicals

were produced by the decomposition of cyclopropaneacetyl percxide, &8
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it initisbeé the polymerization of styrepe at 60°, albeit less effim
ciently tnan benzoyl peroxide. The situation with respect to the
preéuct distribubtion remained the same; l.e., amolguous. Agair the
zajor product (56% yield) was founé to be the ester cyclopropyl-
cartinyl cyclopropylacetate; again very 1ittle, If any, of Lhe cormel
alkyl chloride product was detecsed. Moreover a goodly parcentage of
the alky? moiety (%2-40%) could not be accounted for; the authors pro—
posed. that it zamy have gone ¢ polymer. Since the rotes reporved are
those for diseppearance of peroxide, it still cannot be said with
certainty in view ¢f the product distrivution whether the rate en—
hancement nere observed is due to the Tormation of a stebilized
eyclopropylearbinyl radical or possibly to the predominance of a
Test pelar decomposition., Ir conjunctiorn with evidence o e pre-
senbted later in this thesis, however, it would scex that alt least
part of the ratc enhancement results from a radical process.

In addition to their product studies described abtove, Walling
and Fredricks (9) alsc carried out competitive chlorination experi-
menbs on succegsive paire of paraffinic aydrocarbons Irom which it is
possitle t0 celculate the relative retes o abstraction of speciiic
hydrogen atome in those substrates by L~butoxy and chlorine radicals
t0 yield the sppropriabe clkyl radicaels. These resulls are summarized
in Tables 2 and J. From thsse tables it may be scen that a methyl-
cyelopropane mebhyl hydrogen ator is abstracted about 3 times Taster
than a "typical"” primary ncopentanc hydrogen atom by a T-butcxy radi-
cal at 68°, sbout 5.5 times faster by a t~buboxy radical =t G°, and

about 16,5 times faster by a chlorine radical at C°. Since these



TABIE 2
Lelative Reactivitice of Pareffins boward

t-Butoxy Redicals Per Hydrogen Aton "

Eelative Reactivity

Cyclchexanc I Neopentarze E
Paraffin Conditions as sbandsrd as stancard
Cyclohexane 68°, CCig ' ~.CO 1.7
0°, CCly 1.00 17.8
Cyclopentane 65, CClg 1,04 8.0
0%, CClLq 0.69 15.5
Cyclobutane 40", CFCls .71 -
0°, CFCls 51 9.1
Cyclopropane é8°} CFClz .027 Q.21
0°, CFClsg .010 0.18
Neopentanc 66°, CFClg .13 1,00
0°, CFClg 056 1.00
n-Butanc 0°, CFClz 27 h.8
Methyl- 68°, CFCls 27 k9 2.1-5.7
eyelopropane 0%, CFCls .21 3G 5.8-6.8
1, 1-Dimethyl— 68°, CFCls 36,54 o, 8adr, 1
eyelopropane C°, CFClg L1875 3. 563

(a) Data taken from Kefercnce 9.

{b) On this scale a primary allylic C-Il bond would have a rclative
reactivity of 1.6-2.5 at 68° and 0.67-1.12 at 0°{27) relative
to & cyeclonexane C-d bond as standard, or :2-20 relative to
a neopentane (-H bond as standard.

(c) Reiative reactivity per methyl hydrogen.
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TARTIA 3
Relative Reactivities of Paraffins toward

Chlorine Radicals Per Hydrogen Atom

Paraffir Concitions Relative Reactivity
Cyclohexane 0°, CCL, 1.0C
Cyclopentan 0°, UCLa .35
Cycelobutanc 0°, CCi. 1.19
MethyZleycloprooane 0°, CEClg L.41”
ﬁeopentane 0° 0.085°

(2) Dsza taken from Reference 9.
(b) Relative reactivity per methyl hydrogen.
(:) Belative reasctivity calculated assuming same relative reactivity

¢ neopentane to cyclopentane for cnlorine radicals as Tound lor
t-butoxy radicals in Table 2.
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relative rates were fcllowed by moritoring the disappearance cf the
competitive substrates, the known preseace of Ulhe rapld, polar,
electrophilic cyclopropanc-ring-opening reactions rererred to above
mist cast gome uncertainty upon the accuracy of the calculated rate
crhancements for the production of cyclopropylearbinyl radicale rele—

~ive to neopentyl raéicals. Noretheless, it is likely that &t least

483

s;ome portion of the rabe acceleration so calculated is valid.

It will be vzluable to concinde this section with & brief
discusgion of the product distributions realized from reactions in
waich cyclobutyl free radicals are generated as intermedictes av
temperatures up to 250°. Cyclobutane upon vapor-phase chlorines-
tion (2), liquid-phase chlorination at 0° (9), or chlorinatior with
t-butyl hypechlorite ail 0° (9) yields only cyclobutyl chlerice. The
products derived from the photolysis of methyl cyclobutyl ketonc irom
E0-250° either kave the cyclobutane skeleton preserved or result from
fragmentation of the cyclobubane ring; out none nhave either the cyclo-
propylcarbinyl or allylearbinyl skeleton (28). The Hunsdiecker re-
schion of silver cyclobutanecarovoxylate with bromine yieldec entirely
cyeiobutyl bromide (29). Decarbouylstion of cyclobutanecarbozaldehyde
et 130-110° alfforded cyclobutare exclusively (15).

To summarize the results of this section: cyclopropylearoinyl
free radicals glve rise to cyclcpropylearbinyl an&/or allylesrbinyl
products; products with the cyclobutyl skeleton are not fourd, In
general the yield of product with an allylearbinyl skeleton relative
to that witk a eyelopropylearbinyl skeleton from a given cyelopropyi-

cerbinyl radicel appears to increase with increasing temperature and
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tc deersase with increasing reactivity of svbstrate. Cyclobubtyl radi-
cals give rice to cyclobutyl prcducts and not cyclopropylcearbiryl or
allylcarbinyl products. In some instances cyclopropylearpinyl rsdicals

sre genereted with apparent rate ennhancemerntb.

Possibie Mechanisms for the Interconversion of Cyelopropylcarbinyl

and Allyicarbinyl Derivatives in Frce Radiczl Reactiongz

The purpose of This section ie to lay the groundwork for the
inberpratation of the experimental reswllis slreacy ciscussed as well
s those to be presented later in this thegis, alsc to provide ine—
gight 2= to this author's reasons for aspproaching the problem in the
particular way he d&icd.

I'rom bhe resulbts presented in The previous section, it 1s clear
that in crder to explain the interccnversion <f the cyclopropylearbinyl
and allylecerbinyl skeletons in free—radical reactions there must be an
intermediste or intermediates capable of yielding both types of products.

At the outset, in view of the failure of' ¢yclopropylearbinyl
and allylearbinyl systems to yield cyclobubtyl nvroducts and the failure
of cyclohutyl systoms to yleld cyclopropylcartinyl or allylcarbinyl
producbs in Lree radleal reactions, & result in stark contrast to the
faclle interconversion of all three skeletons in reactions invelving
carbenium Zon intermediates {1,30), it seemed reascnable tc eliminate

I,

from conpideration ag an intormediate a non—classical "vicyeiobutyl"

free radical XVI.
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2
3 2
Cli- CH
2 ek .
< r——
/” '
o )
CHym =~ = = CH,
Lo SR
XVI

"1
Zowever, simple Hucxel Moleculsr Orbital (iMC) celculaticns
indicated there might be resson tc search fer a resonance~stabilized
nor—~classical, "homosllylic" free radical (XVIIa) as an intermediste

in such reactions (31-33). The homoallyl radical has as indicabed

L
CH,,_ .
|
S CHz==== C
" 1XE
CHE
3
XVIL

a) x=H
b) x=CHg
o) x=Cglls

e 1,2 ard 2,0 interaction tul differe from the bieyelobubyl radieal
XVI in that 2t lecks a significent 1,4 interaction. In particular,

in the most up-~to-date calculetions bzlancing delocaiization an

sbrair energles but ignoring non-bomded and interelectronic repulelons,
Howden (33) péedicted for a favorasble configuration cf XVIia (Rl2 =

o (o]
- 1 — " =h A - o ou abs : o eyf -
325 R3q Z.5h A5 Ry = 2.25 4) a net stabilizaticn of ap

o}
.5k A,

proximately 4.C Kcal/mole relative Lo The allylearbinyl radical Xl1Xa.

Farther Howden's calculations Indicated, in agreement with the observed

data dlscussed zbove, that a bicyclobubyl specics would rnot be impor-

tant in tue Tree-—sudical reacblons of cyceloupropylesrbingl znd allyl-



carcicyl derivatives. Taes boroallyl redicel could lead to elther
eyelopropylearbinyl cr allylcaroinyl producte end will ve discussec
i wore deteil iZn 2 later sccetion of this Shesis.

A priorl the rost likely candidates as Intermediates in thesc
resetions are the ¢lussical cyclopropyicarblznyl anc allylearolszyl free
reaicels (XVIIT ané XIX respectively) themselves. For purposes of
romenclature i this thesis only, waen X = = we reler to XVIIIs,

AIXe, cr XVile as the "umsubstituted" cyclopropyleerbinyl, allyl—
carbinyl, cr homoallyl free radical respectively; when X = R (R =

erybhing) we refer oo & "substibuted” specics,

i Ay L Moy O .
[::;--cxz OX, = GECHCH,

XVIII XIX
A) x=i a} x=H
b) x=CHgz B} x=Cla
c) x=0glls ¢) x=Cgls

Tre rost likely mecharisme for the interconversion of
ayeiopropylearbinyl. and allylearkinyl derivatives in free-radical
reactions are given in schemes U-18. The intermsdiates given in
the schemes arc those descrived above. Nevertheless, any delccal-~
izec irtermediatc wculd be eggertialiy kiretically indistinguishable
*ror the honcallyl radical. Schemo 17 1ls indistinguishable from one
in which the cyclcpropylcarbinyl derivative reacts in the rete-de-
termining cter to yield directly a classical aellylcaxrbiny: free
radicel capeble of reacting with the substrate to give noth cyelom

propylearvinyl and allylcarvinyl products; bat vhe latter pestulste
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seems vnreascnakle, especially in view of the large amcunts of cycle-

propylearbinyl products occasionaily encountered in such renocbions.

Scheme 16 is included for completeness only, as it could not be dige

tinguished experimentally from schemes 1k or 15 if one or the other

of them represented reality.

P
D-CXEY ———)D—cxz- T:*
1%

cyclopropylearbinyl
produchs

k_
.S §
o D—c}:g —
5

l

cyclopropylearbinyl

CXE =ClICl'12CI'lE -

ir
E<9)
Cl

al-ylecarbiny. products

(1k)

o> ¥=CK, {15)

PO
j,ke’kf

eyelopropylearbinyl and

products allylecarbinyl products
kd . k_
.— s L — . T . :
D—cxglf ——-)D—CXZ — L TCX, g X, =CHCH,,CH,, (16)
lkb Eerly Lo
cyclopropylearbinyl ecyclopropyi~ allylcarbinyl
products carbinyl and products
allylearbinyl
produets
\\' ke.?kf
E::>~CX2Y — ""CX2 —w=3  cyclopropyicarbinyl and (x7)
allylcerbinyl products
K
e N
I>-cxp:f e “CX,, e CX,,=CHCL,CH,, * (18)
ke’kf kc
cyclopropylearvinyl allylecarbinyl
and allyicarbinyl products

products



The question of the extent of reversibility of any of the schemes
unéer discussion is one which can only be satisfied experimentally; evi-
dence bearing cn this point is discussed in a later section of this thesis
(pp. 61-63).

Partial evidence helping to distinguish between these possibllli-
ties, bearing particularly upon the number ¢f intermediates involvea iz
these interconversions, could be cbtained ty a study of The product dis-
tributions realized upon the unequivocal generation of the initiel "eyeclo-

ropylearbinyl” radical in the presence cf a Lydrogen-atom chain—transfer
reagent sufficiently reective that all products could be assumed to nave
rezulted from resctior of this resgent with the intermediate c¢r inter—
mediabes of interest. In justification of this asserticn, coasicer the
following kinetic arguments, whica are baszed upon analogous arguments
first used by Seubold (34) in his study of the rearrangement of the neophyl
redical generated by the peroxide~initiated decarvonylaticn of P-phenyl-—
isovaleraldehyde and by Cristol and co-workers (33) in their study of
the addition of Efthiocresol to norbornadiene: (Any resder who sc de—~
sires may at this point, without any loss of continuity, skip cver these
kine<tic derivations to the coneiuslons which follow on p. &9 , referring
back to the derivations when necessary).

We consider the following general initistion scheme 19 for the
generation of o rodieal Rl' by the peroxide-~initisted decarbonylshion
of the aldehyce RlCHO in the presence of a reactive chain transier
egent ZH; it will scon be readily evident, Lowever, That the conclusions
to he drawn from this kinetic argument are independent of the means of

generatior of R ".
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k.
(In), —> =2Iin (19)

k
Ine + ZH -——5 InH + 2°
!
T o+ RlCHO — 7"+ Rlco-

k
R, CO" —23 R+ + CC

Case 1l: We consider firet a kinetic scheme 20 analogous to scheme 1k,
A1l produebs are sssumed to be formed by hydrogen sbgtraction from 7H.
"he redical Rl' has avallsble two modes of reaction: it may isoxerize
or avgtract hydrogen; and vice versa Tor the radical 32-.

Thus

k
Ry o+ H —=3 RH+ % (20)

R.» — R, *
s

z
32' + ZH -~é~9 RGE + 4

From elementary kinetilcs we have for the rate of fermation of

the products,

d(REH) ) )

— = k5(h2.) (z:1) (21)
and

d(P.lH)

—— = & (8) () (22)

How for small percentage conversicns to product, we have for the ratio

of produsha
(RoE) ., &(RH)

(R H) T ARA) (23)
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¥aking the steady-state approximation for the radical R2-:

d(BQ') ) ~
e kE(Rl') = k_E(Ra') = 55(R2)(ZH) =0 (2)":)
or
iy (By - .
R') = @y 75, (25)
3 -7
From (21), (22), (23), and {25), we have
(BE) ke (8, ) (28) e
(L E) [kE(ZH) +k_, Ik (R +){7H) (26)
k%,
=

leKE(ZH) + B !

We can sow deal with two limiting situabions.

Jase la: Let us assune that the radical species Bl' and RE' are nos

repidly reversitle; i.e., we deal with an irreversible isomerization;

i.e., k5(ZH)>>kwé.

Then Jrom (26),

(Ro1) |, X,

a

(R;H) - i (ZH) -

The product ratic ir this instance should be inversely proportlonal to
the concentraticn of reagent ZH; i.e., the product of the ratic of prod—
uctes and the concenbration of reagent ZI should remain constact as the
concentration of ZH is varied.

Case lb: Here we assume that the radical specles Rl' and RE' are rapidly

cauilibrating; d.e.,

K o >> k5(ZH) .



Then
Eieii = i3i2 = comstant,
. 1 w2

Tor rapidly equilibreting isomers R+ and R2- as irtermecdiates the ratio
of products should ve constant, independent of the (initisl) concertra—
tion cf ZE.

Cage 27 We now comsider a Kinetic scheme 27 analogous Te scheme 15,
Azain 2ll produets are assumed to asrise via hydrogen abstraction from ZI.
The initially formed classical radical Rl' can elther reacl to form prod—
uct Rlﬁ or isomerize irreversibly bto = delocaliszed radiecal N- capable of

vielding both products RlH and RQH.

K
R CO- —3 R, ++CO (27)

5y

R + 2 —=> RH+Z
k),

R+ —> W

5

Ne + 7 -—2—3 RH + Z

1

X,
Ne o+ ZH D REH-I-ZZ-

Tte rates of formation of the products Rlﬁ and BEH are given bty

d{RH)

as

= Ké(N')(ZH) (28)

o)
i3
&

d(RlH) )
—gp— = k(R ) (@) + kg (W) (70) (29)
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For small percentage conversions to procucts we have again

(REH) - i(BEH) ]
(E,H) ) () (z0)

Thus

(R,H) k(M)
®E) k(R ) + kg (5) (31)

ne

Making the steady-state spproximation for W-:

ig—l ¥ 0=k (R ) - ko (W) () - kg () (ZH) (z2)
or
(n-) = (g + BI () (33)

Putting (33) inte (31), we have after cancellation

(REH) B keky,
(Rlﬁ) kEKL + kl(kE + ké){ZH) :

(z4)

Tn this insbance Then it is predicted that the ratio of products REH)/
(Rlll) shouid decrcesc in cccordence with equation 34 as the iInitial
concentration of ZH is irncreaseq.

Case 5: 1ow we consider a kinetic scheme *5 analogous t0 scheme 17,
one in which = deicealized, nonclassical radical is the sole inter-

medizte leading to products.

I

R, CO —2 3 ¥+ CO (35)
k

He + ZH —2> R + Z-

1
ke
N + ZH —2> R+ Ze
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The expressicns for the rates of formstion cf products RK.H and R.H are

L 2
easlily cerived as
d.(RE,H) )
e = kg(N-)(2H) (36)
and
d.(RlH)
—=x - k5(N-)(ZH)3 (z7)
whence,
d(REH) d(RLH) ]
k. K. : (38)
o 7
Integration of both sides of REquation 38 yiclds
(REH) (Rlﬂ) (321—;) L )
) TR TR — - constans . (39)
6 5 N 5

Fer the case of both products being derived from only one inter-
meciste, the rabtio of products is predicted o be independent of the con—
centration of ZHE. This conclusion rests on Firmer grounds Than any of
the others as Tewer approximasticns went into Iits derivation.

Case 4: Finally we treat a kinetic situstion U0 anszlogous vo scheme 18,
Here the initiaily formed ncnclassical radical may react with Zd to yield
either procuct Rlﬂ or BQH and may lsomerize to RH. whick car yield only
RQH a8 procuct. As usual all products ars assumed to arise visa hydrogen

zhetraction from ZH.
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k
R.CC+ —3 N+ + CO (40)

k
N+ 4+ ZH ———2~} RlH + Z+

k.-
Ne 7 —23 R H + 2-

- *.jil_} RE.

]S"?
R+ + 7H —_— RI + 7

With assumpbicns 1ike those in Cases 1 and 2 above it car oe shown thet

(Roil) |, ke (W.) + kB(RE-)

2 : b1)
(HlI:D ke (m-) (
Making the steady—state spproximation for R, -
=
d(RE-) . e
~5t— = k(M) ~ B (By ) (22) T 0 (k2)

.

k'-f (N' )

(R,") = . (43)
Ry £, ()
Whence, Trom (K1) and (43), °

k. k
(REI{)g“é+ T )
(R.h) = = k. {zd)
1 b, 5
‘e relative proportion of E?H gshould decrease sanewhat as the original
concentration of ZH is increased.
Tre impcrtant conclusions which can be drswn from the above dise

cusslcn sre Lhe fullowing: As the concenbraticn of the reactivs chain-—

transfer agent is increased, the ratic of the products (EpH)/(RlH) is
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predictec bto remain constant irn only two instances, in the case where the
products are formed from only ome {presumably uaouclassical) Inbermedilabe
and in the case of rapidly cquilibrating (presumably classical) inter-
mediates. 1In all other instances, when more than one irtermediate are
invelved rogerdliess of thelr slectroniz nature, the ratic of preducts

is predicted tc change In the direction of less RQH gg the initial ccne
centration of the reegent ZH is increased. Thus ar appropriate product
study should cnable one to distinguish between Cascs 1b and 3 (schemes 1kb
and 17) on the one hand snd Cases la, 2, and 4 (schemes 14a, 15, and 18) on
the ofhcr.

Purther evidence of a different nature which could alsc be Hrought
to tear on distinguishing zmong scheres 14-18 would be sn appropriate ki~
netic study telling on the rate of formaticn of the iritial intermediate.
Presumably the indtially-formed resonanccnsﬁabilized recical Intermedizte
of schemes 17 and 18 would be produced st s Faster measursble rate than
the classical strained radical intermediate of schemes 1li=15 as detcre
mined by comparison cf the rates of formatlion of intermediates with ape
propriate medel compocunds in an apprepriate resction.,

In Zact it was hoped that a combiration of these two bypes of
approaches, sr apprcpriste rate study and an asppropriate product study,
wotléd enable s to determine both the nature and the number of irter-
mediztes involver in the free—rsiical Interconversion of oyelopropyl-
carbinyl and allyicarbinyl derivatives in the two systems of immediate
irterest to us: the unsubstituted cyclopropylecarbinyl system (XVIII:

ard XIXa) andé the dimethyleyclopropylearbinyl system (XVIIIb andXIXb).
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It was decided that an approprizte prcduct study would be the
investigetlion ol lhe hydrocarbon product distrivutions resulting from
the Efbutyluperoxideminitiatgd decarbonylations of cyclupropylacetalde—
hyée (XXe) and dimethyleyclopropylaceteldehyde (XXb) in ke presence of

varying concentrations of bvenzyl merceptan as & chain~trensfer agent.

D—CXE CHO

=X

a) x=A
b) x=CHgz

Thege systems were cnosen for study because the advantages of unequivo—
cally generating frece radicals of known structure by decarbonylation had
Seen recently demonstrated irn these lsboratories (36), becsuse the start-
ing alaehydes were relatively readily =zzcessible, snd because the catale
ytic potency of benzyl mercsptan as a chain-transfer agent in the de-
carbonyletion ¢f sldehydes had been demonsgtrated (37).

For the rate study it was necessary Lo choose a system in whick
the desired radicals would be generated unequivocally in a measurable
rate-determining step without interference from side reactions, such as
the polar decompositions somebimes encountered in the reactions. of peip-
oxides (11,26) and peresters (25,38,%9). The decomposition of appropriate
azo compounds (40) seemed a reasonasble candidate for such & system, but
the starting materiails are only cifiicultly accessible. Instead it was
decided to achileve our ends by determining the cnain-transfer constants
relative to polymerizing styrene (4L) of methylcyclopropane, isopropyl—

eyelopropane, and appropriate model hydrocarborn compounds. Despite its



simplicity and The ready availability of sterting materials, this teche
nique as & mesans of measuring the relative reactivities of hydrocartons
toward the polystyryl racdical has not been epplied since the classic
study of Gregg and Mayo (42), possikly because the original investiga-
tions were Industrially oriented and the _ow chainstransfer constants

o hydrocarbons in general rendered their use zs polymerization regula—
tors inefficlent and expensive, The theory c¢f chain transfer off a grow
ing polymer with sclvent has been discussed elsewhere (k1) and will not
be elakborsted in this thesis. Suffice it to say that the chain—transfer
constant rclative to polymerizing styrene for a given hydrocarbon solvent
represents the ratic of the rate constent foo hycregen abstraction

from solvent by the growing polymer radical to the rate coanstant for
addition Of The polymer radlcal Lo monomer; i.e., by deiinition

k
tr

¢ =k ()4'5)
P

Thus at a given temperature the relative rates of free-~radical hydrcgen
abstraction from the pertinent hydrocarbons will be gilven by the ratio
of their chain-transfer constants.

The results of the decarbeonylation and chain~transfer studies

are presented, discussed, and interpreted later in this thesis.
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Previous Stucies of Substituted Cyclopropylearvinyl-—

Allylcarpinyl Badieals

7o date there have been Tew investigelbions of reacticns poseibly

involving substitubed eyclopropylearbinyl snd/or allylearbinyl free redi-

The first study to deal with a substituted ecyelopropylearvinyl
“rec radical is cne which has alresdy heen describea in an eardiler secw—
~iom {pp. 9~12 }, the investigatior by Overberger and co~wcrkers of the
deeompositlion of ﬁhe wzo-pils-nitrile derivec frcm methyl cyclosropyl
ketone (20-22).

Schuster (15) exemined the di-t-outyr perovxide-initicted cecar~
Donyiation of dimethyleyelcpropylacezaldenyde (XXo) et a temperature of
150-14C°, Wnen XXo was decarvonylated neat or in diphenyl ether sclu-
tion, there was Tound only one monumeric hydrocersbon prcduct, Z-methyl—
2-pentene, the rearranged allylearcinyl prcduct. When, however, the
decarboaylation wes carried out In the presence of an approximately
cquimolar amcurit of benzyl mcreaptarn, the hydrocarbor product wae found
to consist of both 2-methyl~2-~pentene and izopropyicyclooropane in =
retio of L1:9. Tnese rescults will oe discussed later in this thesis in
conjuncetion with the present studica of the decarbonylation orf this zlde-
hyde.

Howéen (4%) has oxeminec a variety of reactions in which diphenyl-
eveloprooylearbinyl (XVIIIe) and/or (y,y-dipnenylellyl)-carbinyl free raci-
cals (XIXe) might te cxpected to be intermedistes. As would be cxpected,

only products with eyclopropyleerbinyl or allylearbinyl skeletoas but none
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witn a cyclobutyl skeleton were isolated. Ia particulsr, it will be most
insbruechtive to consider the following mesults ottained by Howden.
The thermal decompcesition Zn chlorcbenzere of the perester t-butyl

wag studied

z

(y,r-diphenylallyl)-vcracetate, (C6H5 ),,C=CIICH,,CH,,C0,0C (CE,)
= = -

3)
st 11C° in the presence of varying amourts of the extremely sctive hydro-
zen denor bributyltin hydride, and the distribution of monomeric hydroe
czarbon producte was debermined in each case., As the initial concentration
of the kydride was varied from 0.056 M to 0.56 M, initial perester concen—
tratior being maintained constant, the ratic of the rearranged cyclopropyl-
carbinyl mroduct diphenyleyclopropylmethane to the uarearranged allyle
cartinyl product l,l-diphenyl-i~butene remained cssentially Invariant at
5:65 {mctually & slight incresse From 4.5:95.5 to 6:94 was cbserved).
Mhis is a kinetic situstion analogous Lo that which was anaiyzed in the
last section (equaticne 20-44, pp. 24-29), the possible radical interw
mediates under consideration being the allylearbinyl radical XIXe (Rl-),
the cycloprcpylearbinyl radical XVILITc (RE'), ar:d the nonclassical di-
phenylhoncallyl radical XVIIc (N-). From our analysis we see that the
constent »atic of products thus obtained can be explained as resuliing
from & rapid sguilibrium of Gtwo (possibly classical} radicals (Caoc lb)
or from & single (presumably ronclassical) radical reacting to give
both products (Case 3).

Next the rete of decompogition of t-butyl (y,ywdiphenylallyl)-
peracetate in chlorobenzenc at 109,7° (kl = 7.Tx10"5 sec"l) was found
to be only 1.4 <imes greater than the rate of Gecoxpeosition of ite eabue
...l)

rated snal