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In tne past ten years there has been g revival of inter-
est in the reactions leading to the replacezent of aromatic
nyérogen by phenyl or substituted phenyl groups. The earlier
studies in the field, those of the period 15z0-1935, were
mainly concerned with the qualitative nature of tne productis,

tne applicabcility of tne resctions as syntnstic tools, and

tne mecnanisizs of tne reections insofer gzs czuld bDe deter~
mined using tne relatively crude teehniques then at hand.

It was recognized late in that period that itze attacking
entities were probable free phenyl redicsls-

Since the advent of cuantitative infrsred spectroscopy
and improved metiods and equipment for ultrzviolet spectro-
sCOpy, interest has turned to detailed quantitztive product
analyses. From inese studies have come muecz Gasa on the

relative reactivites of various substituted ternzenes and on

tone orlentetions of phenyl groups entering ize rings of sub-
stituted cenzenes. In addition, guentum meciznical cslcula-
tions pased on hypotheticzl models for trzzsition states,

or on ground svzie cheracteristics which mizzt sffect the

gourse of ikze reaciiocn, neve been mede-

- -— == - - h % - —— X - = 2 e
In spite of thie, 1little hes besen dones giving direct
2
. B — a1 g = . = - -
experimental avidences for the mechanism of Tzs substitution



designed To provide kinetic evidence pertaining to tae
moieculariiy ol tae substitution with respect to radicals,
{2) a study providing evidence pertzining to the stiate

oI cenzoyloxy radicels in solution.
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S3ince severzl reviews of {ree radical sromatic substi-

-

tution heve been publisned in tne psast year, no zsttempt will

the field. The

{1

made nere o glilve g complete review ofF

eview of Augood and Williemsl is by rzr the most complete.

193

"

Tnese guthors are former co~-worzers of D. H. Hey, and the
view thet they present is largely that which Hey has expressed
irn nis various papers. Dermer znd Edmison's review? is a
suamery of the more practical zspects of eromatic substitu-
Tion by radicals of a2ll types, in contrast to that of Augood
2@ Williams, who discuss arylation almost exclusively.
Zondestvedt and Blanchard's az:-t:'u::le'3 1s one of & series of
research papers on the subject, but they have briefly re-
viewed the field and proposed their own mechanism in the same
rvaper. Nelson's review4 1s less complete than that of Augood
znd Williams znd offers essentizlly the same meteriasl.

Tne article of Augocd and will‘amsl contains azn extended

-¢ccmpilation of the resulits of most of the more important

sepers Which have been publisned on the sublect. These

°C. 5. Hondestvedt, Jr. zzd Z. S. Blenchard, J. Org.
Cnez., 21, 222 (1838).
“p. r. Nelson, J. Chem. Zé., 32, 506 (1953).
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gutzorg discuss in detall the veckzround materiael which forms

N

tze vasis of common kKnowledgze in tne field. Furtnermore, the

wed'T

icliograpny presented tne is Far more ccmplete than one
walca mignt nave been given nere. Since thils is true, no

wiil De made here,

mn

atiexzpl at glving coaprehensive references

vut tre reader is referred to tnis grticle for references

1

enc summary discussion Of beckground msterial presented here
witnout annotation. VWhere tzples of dsta are presented,

-

11l ce indicated, thnough this mgy also be the

arvicle of Augoed and Williams.
The author will defer nis discussion of the nature of
Tie resaction to tne Discussion section of this dissertation.

- Hovever, the more important mechanisms wnich have been pro-
oocsed for tne free radical phenyiation of aromatic compounds

are presented here:

I. Tne mechanism of Augood zand Williams:T
CgHg* + ArH ————> (CgHgArd-
CgHgAri- ——> (gHgAr + H-
or Cglige + ATH ~ ———> CgHgAr + H-

Tnese workers visualize the resciion as a direct dispilszscement
¢ 2 nydrogen atom, provably tnrough sn initermediate guinongid

sGiucv, thougn tnere 1s no strong evidence on thig point. As

previcusly mentioned, their views are genersily those o
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II. The mechnanism of DeTar end Sagmanli:
Redlcal source —————> CgHg"
Cgis* + ArH —————> (gHg + Ar-
Ar- + Radical source —» C(CgHsAr + Radical

In inis mecnanism the biaryl is formed in an induced decompo-

sition step-

III. 7Tne mechanism of Hammond, Rudesill, and Modic:®
CeHy* + Ard ~———x (CgHsArHd-
CgHghArH: + R- ———— CgHgAr + RH

or CgHg + ArH + R+ ———— CgHsAr + RH

This mechanism has been proposed in the literature only for

tae Tritylation of benzene in the presence of benzoyl perox-

lde. Allusions to it have appeared elsewhere,7 though.

IV. Thne mechanism of Rondestvedt and Blanchard:5
CgHs* + ArH —=————== (CgHsArH)-
(CgHsArH) - ———> CgHgArH-
CgHgArd- + R+ ————» CgHgAr + RH

wnors nhazve patterned the mechanism after a generzl

These zu
F 2 3 — 2 n Ls s i 2o s & s
megnanism for elscirophilic aromatic substitution. (CgHzirH)-
85. F. DeTar and 5. V. Sagmanli, J. Am. Chem. Sscc., 72,
™ — " s B — ———— —t—
$65 (1850).

ZG. 8. Hemmcnd, J. T. Hudesill, and F. J. Modie, ibid.,
73, 3325 (1981).

L3 - -~ - - ~ s

‘G. 5. Hemmond, in M. S. Newman, “Steric Effects in
Crgenlic Chemlsstry,® Jonn Wiley & Sons, Inc., Hew York, H.
Y., 1235, v. 2060.
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t
¢ 2 "pl complex.'

regcresents a '"preliminary complex, " perhnap

O

12

Arri- is a "sigms complex." Rondestvedt and Blanchard

Ifeel iznat formetion of the sigma complex is usually the rate

(1'

riining step.

o
. , o
.

V. The mecnanism of Huisgen and Horel

[o7)

CoHsNoOCOCH3 + ArH ===2= (CgH5No0COCHZArH)
(CGH5NQOCOCH3APH) ——> CgHgAr + No + CH3COoH
Tzie 1s a concerted mechanism wnich was presented for phenyla-

¥vi. The mechanism of Lynch and Pausacker:g’lo
CgHs* + ArH 3~ CgHsATH-
CetsArH- + R- ————  (gHsAr + RH
CeisArH- + (CgHsC00)2 -~ CgHsAr + COo + CgHSCO0-
These workers propose'a mechanism in which bilaryl 1s generated
in w0 ways. One is essentially the mechanism of Augood and
Williams. Tne other is an induced decomposition resction of
cenzoyl peroxide.
Ctzer mecnanismg could be written which involve hydrogen

zetion from solvent a8 g first slep, Tollowed by coupling

Y
O
m
"S

w.tz puenyl radicalis. Such mecnaniszs zre not seriously being

consigered 2%t tne present Uime, pricecipelly because the

53. Bu ngen and G. Hg'rle-lQ_ .A..Qn‘} 552 137 (1049)

(Y

E. ¥. Lyncn and K. H. Pausacker, Australisn J. Chem.,
%, 4% {1857).
3 Chiwr sw - . MR o fm
=~%Z. H. Pausacker, ipid., 10U, 48 {1857).
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resuliant svlvent derived radlicals must be very similar to

Tney pnaenyl radlecals from the radicel source, yet biaryl

derived entlirely Irom solvent, i.e., dimethylbiphenyl from
golvent toluene, 1is never found and blaryl derived entirely

irox ine radlcel source, i.e., bipnenyl irom benzoyl peroxide,

is found only in very smail cuantities 1in aromatic solvents,

acout 1%.



CXPERIMENTAL

de witn Toluene

‘,.h

Tne Reaction of 3Benzoyl Perox

Frzpzration of p-methaylbiphenyl

p~Methylbipnenyl was prepsred by the method of Gomberg

G4 Pernert.ll Seven moles of p-toluidine were diazotized

<>

exZ tize resulting solution added, with cooling by sddition of

ices end stirring, to a mixture of a potszssium hydroxide solu-

he zotization was carried out in a

i€ Q

3

Tar ean”fA mansoan
e [l WCEILTWL

Joir
[+4]

w
L

4 iiter beaXer, and the siaition to the tasic benzene mixture
was 4one in a battery jer (capescity approximetely 12 liters).
The temperature was maintained at 5°C during the eddition

gnéd for 1 hour afterward. The tempersture was then allowed
o rise to room temperature and stirring continued for 4

morz hours. The organic layer was separated by siphoning,
drisd over calcium chloride, and distililed. VWnen the solvent
was practically removed, the remzining portion was distilled

£ 145-153°C was col-

at zU m pressure. A fraction beiling e

iecT=4d zs product. This was recrystelliized several times
Ircz metnenol (decolorizing charcosl was used in the First
regrystaillization)- Accidental overhesting of the meterisgl

i, Gemberg and J. C. Pernery, 4. Am. Caem. Soc., 4&,



tity. Approximately 35 g of the purified meterisl (0.2 mole)
were octalined. The mellting point was determined using e
=Zeérsagcerg apparatus and a thermometer callbrated in tenths

5L a degree. Tne corrected melting point of this material

wes 47.3-47.99C (1is., 11 47.7°C). This material was used as

m

i€ carrier in runs Z-4 anG 14. A portion of the p-methyl-
Ciphenyl was sgain recrystellized from methanol and dried.
Toe melting polnt, baken as before, was 47.3-47.99C (cor-
rected), identical with the previous one. Tnis materiazl wes

ussd &8 carrier in the other runs.

curification of toluene

12 Resagent

Toluene was purified by the method of Fieser.
grace commercial toluene was washed with successive portions
of sulfuric acid at cool room temperatufe (water bath) until
wae sulfuric acid layer showed no coloration in 5 minutes of
coniact witn the teluene. It was then washed with sodium
nyiroxide sclution, distilled water, znd &ried over sodium

iene was then distliiled through a 1 in.
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Ty storing in contect with sodium rivrons until use.
iZ21.. F. Fieser, “EXperiments in Orgsnic Chemiziry,® 3rd
e&., U. C. Eeath end Company, Bostion, Hess., 1955, p. 282.
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Preparation of benzoyl peroxide 1-ci4

1-¢1% was received from Tracerlabl® in

Benzoic eacld
small viels containing 6.5, G.2, 0.2, and 0.1 millicuries
gacn. One of tae vials containing 0.2 millicuries was
vpened and the contents dissolved in 2 small bezker of hot
water. Tnigs was poured into a 1 liter Erlenmeyer flzsk,

glong witn several furtner rinsings of the beaker with more

not water. Tweaty g of inactive benzoic acid was added to

tnis flassk. The flask was heated and water added until agll
tae benzolic ascid was dlssolved. Tnis reauired about 600 ml

of water. Tne flask was wrapped with a towel and set aside
%o co0oi- Six pours later c¢rystals had formed. The flask was
taen refrigerated overnight. The crystels were filtered by
sucticn end placed 1in a desiccztor containing calcium chlor-
ide. After drylng, a small amount was set gside for radio-
eagsay. Tuone specifice activity of the materisl was found to
ve 1820 c/miné/x mole (counts/minute/micromcle) using the
epparatus and counting procedure described later.

caloride 1-C1% was prepared from the benzoic

x
L]
o]
-t

137rzeerizs, Inc., 130 Hign Street, Zoston 10, Hzssea-
causeiis.

q‘ L] - iF - '____ - -

<=4. 1. Vogel, "Precticel Organic Chemistry,! 2nd ed.,
Lonzzmans, Green and Company, New Yorx, 4. Y., 1951, p. 751.
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placed in 2 1GC ml rouncd bottomed Ilzsk containing polling

stones enc 13 ml of fresaly distilled thilonyl chloride, and

"lux concenser wilitn a2 calcium cnloride dry-

4]
Y3
o
(2l

fitted witn
1ug tute at toe top. Tnis mixture was refiuxed for 1 hour.

Tne concenser was tnen replaced by a small Claisen dlstill-

ing nead and contenser, and all material waich would distill
pelow 30YC zt 15 mam pressure (aspirsior) was stripped. Tnis

was done in 2z well operating hood in order to avoid breathing
of benzoyl czioride 1—014-
Benzoyl peroxide 1—014 was prepared from tne benzoyl

chloride 1-614 by the method of Gambarjan,ls a8 quoted by

3}

Tobolsky and ¥esrobian. 16 Forty mi of acetone were added to
the flesk conteining the benzoyl chloride 1—014 prepaered es
above. This mixture was slowly added to a stirred solution
of 8 g of sodium peroxide in 80 ml of ice water, with occe-
sional furtaer 2ddition of ice. Benzoyl peroxide 1-g1%

separated. Tnis was filtered the next dasy and recrystallized

pouring tais solution inte thrse or four tTimes 1ts volume of

1eS

N - . N . - - - 3
¥itn giirring. The yield of benzoyl peroxide 1-Gt

the method of

X
v
4]
W
m
2]
'.h
4|
]
]
ct
(6]
B
=
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ct
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n
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o]
0
o
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ct
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ot
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o
!

18,4, v Toooclisky and R. B. Mesrobizn, “Organic Peroxides, ™
iispers, Inc., New Tork, X. ¥., 1954, p. 38.



12

17 walilcn involves tne use of isopropyl

Koxatnur and Jelling,
alconol ror a solvent, indicsated 93% purity. The material
was recrystallized rrom chloroform and Skelly B once more.

Titretion incicated that the peroxicde content of this sample

tly in the resctions
ol4

vas 93.3%, end tne material wes used direc
wita toluene. Tae ultimate yield of benzoyl peroxide 1-
wes O g. Acidification of the aqueous solution from the
preparation precipltated tenzoic acid. Evaporaztion of the
motaer liquor from the recrystailization of the peroxide led
to a residue, probably contailning more peroxide. Tne benzolie
acid and the residue were reserved. The zctivity of the

014

benzoyl peroxide 1- was found to be within 2% of twice

tnat observed for the benzoic acid 1-014.

Tone reaction of benzoyl peroxide 1-c** with toluene

Tne followiag 1s a description of the general technique
- . N 5 . & -~ s
used in each run. Benzoyl peroxide 1-0+* was weighed intoc a
reaction vegsel wiith a constric¢ied neck and & smell, sealed
approximately 180 mg. Toluene was added tnrougn the con-

strean

ot
=)
o
n
o]
[}
£
1]
(=]
ct
[y
®

stricted neckx Irom pipettes. 4As i




toluene used w&e such és to result in a solution of approxi-

mately 10~1M, 1624, 3 x 10-°H, or 10™°M. The flzsk was then
attacned to & vecuum system by means of a rutber stopper and

cooled in & cry ice-triculoroetnylene vatn for at least 15

ea pefore svacuation was pDegun. It was then evacusted

minutes cefore £vgcuation gu

(i

Tc at least C.S z= and flusned with nitrogen. ‘PYPrepurified’
nitrogen (¥ztnesonl8) was further purified by passing it

tarough & seri¢s ol gas wasu bottles containing Fieser's

8
solution,lg concentrated sulfuric acid, and lesd acetate, and
tarough a dryingz itower containing sodium hydrczide and cal-
cium cnlorice. Tne evacuation and flushing procedure was
repeated twice znd the reaction vessel was sealed off under
reduced pressure. After the vessel and 1ts contents had
warmed to room temperziure, it was placed in an oil bath
maintained st £C6%. The reaction was allowed %o proceed aft
this temperature for 3 days. The half life of benzoyl perox-
ide in toluene =% this temperature (besed on the unimolecular
rate constant of Kozski and Bartlett<C) is sbous 6 hours
then, at least 12 half lives, indi-
caeting that not =zore than 0.C2% of the originzl peroxide

remained. Tze zctuel gmount remaining after 3 days is less

10 - -
1°The ¥alizsson lompeany, Inc., Joliet, Ilil.

1686 (184%; .



tian 0.CZ% cecause some of tThe peroxide deccmposes in redical
induced resctions.<Y Tne resction vessel was tnen sllowed
tc coecl tc rocm temperature. The small side arm was broken
te release ione pressure of carbon dioxide which built up
during the rezction, and the top of the flask was cut off

by scratching the neck with a file and touching a hot glass
rod to the scraten. The contents of the vessel were poured
nte a clean volumetric flask {1000 ml if the run ves 10'3M,
250 ml if 3 x 10‘3M, 100 ml if lO"zM, or 26 ml if 10’1M)
through a funnel. The funnel was washed down and the flask
filled to the mark with Skelly B. The contents were then
thofoughly mixed. The run was separsted intc three portions
of approximztely equal size by plpetting two portions into
Erlenmeyer flzsks and leaving the tnird portion in the wvolu-
metric rlask. p-Methyltiphenyl (spproximstely 50 mg) was
weighed 1nto crne of the flssks and wasned into the solution
with Skelly E. The contents were mixed by swirling. The
remgining twe portions were reserved for use in case of
accldental invelidetion of the results of the first or for
use later in ize estimation of m- or o-methylbiphenyl. The
solution weas zijowed to sTand in contact with sodium car-
g% lesst 4 fours in order to remove carvoxylic
acids. It wzs tzen placed.in a pear sihegped Gistilling flask
of the proper size rIltted wiih a side zrm for =z cspillary

bucbler, and zs much of the liquid z8 possible was distilied



at sbout £5 mm pressure through & smell (30 cm high) vacuum
jecketed column conteining & glass spirel. The residue weas

dissolved in s#s small as possible volume of Skelly B which

arylng over magnesium sulfate, and distilling. 7Zze result-

v Rosd b od - %
in order toc remcve €sisrs.

o]

eluent were ccllected in e 50 ml round bottomed centrifuge
tube. Tne solvent was removed by impinging a stream of air
on 17 while warming gently over 2 heating mantle. The residue
was dissolved in 1-2 =1 of glacial acetic ascid. Tne centri-
fuge tube was then plzced in a water bath maintained {on a
not plate) at approxzimately 45°C. Two ml of a chromic acid
oxidizing solution {z solution of 35 g chromium trioxide in

& mixture of 80 ml water, 130 ml acetic aecid, ané 25 ml con-

lm

:aclion was allowed

o

} were zddsd an

g

ko)

centrated sulfuric seid

to proceed for 1 1/2 hours. At the end of this tize, 30 ml

caromium sa&lts. The Jiguid and s0lid layer were separsted

by centrifugzation fcollicwed by removel ¢f the licuid by meszns
21 b - = Mt
~ D~ A J s fteb,

Szirley, FPreparation of Organic Intsrzed
c o

. E rzeci
Joan wWiley an n¢., New Yorz, N. Y., 1881, . 30.
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of a capillary pilpette. Frequently tne solid floated on the
suriace of tne liguid alter centrifugation, or pert floated
end part went tc tne bottom of the tube. The residue was
then treated witn two 5 or € ml portions of 5% potassium
nydroxide in order t0 extract the acids present. small
wad of cottom wze &ropped into the tube and the residue
thoroughly triturated with the basic solution by swabbing
the coillon wad =sround Tane sides of tne tube and into the
tottom. The basic sclution was separated from the residue
by inserting the tip of a cazpillary pipette into the wsd of
cciton, thue using it for o filter. The basic solution was
transferred to & 15 ml conical centrifuge and acidified with
concentrated hydrcchloric aecid, precipitating the organic
acids. These were separaited by centrifugastion and washed
several times with water. The aclids were trested with about
2 ml of ether (terepnthalic acid, one of the by-products of
the reaction, is not eoluble in ether) end the ether solution
separated with a2 czpililary pipette and placed in another 15
ml cenirigue cone. Tike ether was evaporated by implnging air
on its surface. Tzne residue was dissolved in about 2 ml of
ethyl e2lconhol, wzisr wes added uniil 2 heavy precipitate
formed, and the mixTure wae heated to bolling over s heating
mantle. It was found inet bumping could be prevented by

etting a stirring rod ol Jjust smeller size than the bottom

-

of tne cone reetl ip it during the heating. The zicohol znd



-t
~1

water were adjusted so that the material Jjust dissolved at
tae boiling tempersziture. In some cases a yellow gum formed
wnlch would not dissolve. As much of this as possibtle was
removed witn tne stirring rod. Tne solution was cooled slow-
1y and p-phenyloenzoic aclild crystallized. The product was

ried in The cone in 2 vzcuum

[l
kY

separated by centrifugstion and

iccetor. A piece of pyrex Tublng esbout 2 feet long and

W

de

ct
=
[t}

rge enougn Ior The cermrifuge cone to slip into was

W

Ju
sealed at one end and the cone inserted. The tubing was
tilted so that tas cone fell to the sealed end and z vacuum
pump was attached ©y means of a rubber stopper to tke open
end. The closed erd was inserted into & warm combustion
furnece. The pump was started and the p-phnenylbenzoic geid
supclimed 10 & region of tne glass tube just outside the fur-
nace. Thne sublimstion was repeated once or twice by insert-
ing tae tube furtaer into the furnace. Tane furnsce was re-
moved and the tute szilowed o ccol. The tube was sezled off

sub-

o

about 2 inches on eachh side of the region conteining tb

-

4

ntil just before

B

limete. The materizl was stored in this for
its sctlvity was Getermined. At this time, the tube was cut

imate znd drewn into g funnel on

]
o
@)
ot

off on cne side ¢f the
the other. The p-pzenyloenzoic acid was weshed into & fresh

> @l centrigue cone wWith a Tipe stream of ether, waich wes

n

C

1
then evaporated zs velfcre. Enough of the p-phenyltenzcic

acld for g radicanszliysis was weligned into a2 combustisn tube.



Tne sublimation process wze repeated, each sample being sub-
imed tharee or four tizes, and thst portion of the sublime-
tion tube from whica tze sample was sublimed being sezled
off between sublimaticns. Samples were removed for radio-

analysis by scraping toesz Irom the surface of the tuve with

)

a nickel spatula. Tne suzciimatlion process was then sgesin
repeated, four or five TIzes, in the same manner.

Micrescope anot piszts =zeltling polnis were tsken on the
samples used for carboz =i radioanalyses. It should be
noted that the melting Doints observed were quite varisble,
even within one sampls. Ihe larger sggregates of crystals
tended to melt much lowsr tkan single cryétals or smzller
aggregeties. 1In one czss z microsceope melting point of 210-
222°C was obtained, whils the same sample wes observed to
melt at 217.5-218.5°C {uncorrected) in a sealed capillary
(Hershberg melting point a;naratus).zz In another case the
opposite effect was obTzined, tne capillary melting pcint
peing lower. Since the o—ponenylbenzolc acid tends to sublime
readlly above 1950, it w==s difficult to follow single crystals
a8 tne plate was warzmsed zp. In genersl, ameller aggregsztes

in size Dy thne time tine meliing

Y

were reduced even furizs

were cnosen for melting point

n
()}

polnt was reached, ané iz:s

- D. Coeronis, *¥icro and Semimicro Metnods v
of A. VWelssberger, Teesnigue of Orgenic Chemistry, Inter-
scie Pu alisncvs Inc., Isw Yorz, N. Y., 1984, © >
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data wherever possible. It snould be noted that the melting
poinis of tne meterial used in the first series of radio-
analysee were taxken, in general, on larger aggregates tnan
tncse used in the second and thnird series of radiosnalyses.
Tnere are indicztions thzt the sublimation process did not
puriry the p-phenylberzoic acid in zlil cases. A capillary

melting point (sealed tube) tsken on the material from run

U‘l
f'Cl
£
[\
(¢}
l\')
'_.
»P

15-4A used for the tnird series of rediocanalys
Surficlent material for capillary melting points on the other
runs was not at hand. It is apparent, however, that the
meliing peints in most cases 4id improve with sublimation,
indicating purification.

In order to avoid cross contamination of the runs, the
following procedures were adoptied. Centrifuge tubes and

volumetric flasks were used once only and set sside. A

o @

fresn stirring rod was used in connection with esch run sand
discarded after use. Cepillary pipettes were discarded after

s

one use. Acetone was refluxed through tae distilling column

&)
B
£

for at least 1 nour afler each use. Distiiling flasks
capiliary bubolers were clesned in chromic acid clezaning

solution after ezcn use.
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The determination of ¢

tb

Tne benzoic acid 1-C*™ from which the benzoyl peroxide

23 - X - R o -
l-Cl‘ wz8 mede, lhe Terzoyl peroxide 1—014, and tne o-
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pnenylbernzoiec acid isclated froz each run were analyzed for
carpon end its radioasctiviiy by the method of Ven Slyke and
co_worxer525,24,25,26_ Tze menometric appsratus used wes g
ommerciel®’ one with a mzgnetic stirrer. Thne connectling tube
tube (Jjoining the combustion tute and the apparatus) was re-
ceived fitted with 2 hexzisprericesl Joint, vut this was found
Y0 be a source of leskage, and was removed. Tne connection
wes made witn a plece Of ruvber vacuulm tubing. As reccmmend-
ed, tane joint and stopescE on tze combusiion tube and con-
necting plece were lubriczted with syrupy phosphoric acid.
Apiezon N greasezs was ussd on OtTner joints and stopcocks on
the system. The procedurs folilowed was thet given by Van
Slyke and co-workers in the papers cited above. The procedure

is also given {up to the rezding of P1, the pressure of carvon

23p. D. Van Slyke sné 5. Folchn, J. Biol. Chem., 138,
509 (1940).

24p. D. Van Slyke, J. Plazin, and J. R. Weisiger, ibid-

191, 299 (19s51).
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29p. D. Van Slyke, 2. Steele
769 (1951).

26y, ¥. Binex, J. Piazin, D. Clareus, W. Bernstein, D.
D. Van Slyke, and R. Chsse, ipid., 213, 6 675 (1955) .
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dioxide plus a small amount of foreign gases) by Steyermark.z

Tnere are several possib.e minor varliations in the procedure
developea by Van Slyke end co-workers. Tne modifications
used will be pointed out zere. The reagents were prepared
according to Van Slyke, Flszin, and ‘#‘eisiger‘-24 The amounts
used snd general procedure followed were tnose for "micro-
analyses." All utensils used for delivering reasgents to the
apparalus were kKept coverel except wnen in use. The air free

lactic acid was stored irn tne container described by Van

45)

)

Slyke, Steele, and Plazin. It was delivered to the appa-
ratus by running aboﬁt 2 miililiters into the cup in such =z
Tashion that 1t did not 213 through the air, then admitting
the lower 1 mlllillter oniy to the apparatus. The gas phase
proportional counting precsdure used was that described by
25

Van Slyke, Steele, and P1zzin“” as modified by Sinex, et £1.29

The scaler employed was z Hucleer Instrument and Chemicel
30 — e e e .
Corporation Model 162." Although this instrument incor-

roportionegl counting, it wes

o]

porates an ampiifier for use in

o+

3

not found to be of gufficient sensitivity. iOrecver, over-—
loegding from large pulses resulted in spurious counts.

riminator of the type deseribed

bt

(]
Q

Accordingly, an amplifier-3i

A. Steyermark, ¥Qu=zsntitsztive Organic ¥icroasnszlysis,®
. J > i & J 3
£iston Company, Hew Zors, N. Y., 18561, n. 251.
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2 . . A
by Sinex, et 1,“6 waes ezZployed. A catnode rollower was

orier tnest falrly long connecting

(5]

dded to the system in
cavles could ce used. Tme units were connected to the 110 V
line torougn an isolation tTransformer. Tane nigh vollage
supply used was tnst of ize scaler. A circult disgresm 1s

on file with The Instrumentation Group of the Ames Laboratory
of tne Atomic Energy Commission, Iowa State College, as draw-
ing MF-60, "Ncn-Overlczdéirng Pulse Amplifier.®

Table 1 tabulates couniing rate versus voltage for a

minator settin
A s B A NF W LV 2 4

[]]

numh r AT
W Ui

num isec

sample. The discriminstor dial was not cslibrated, so the
Tigures have nothing btut relative slgnificance. The same
tube was employed for all counts. The counting was done szt
2000 V with a discriminztor setting of 60. It was demon-
strated that a second tutes counted essentially the same back-

- . : . .
for the scitive samples. Counter tucs

[0
[T
W

ground as the one us
#1 showed a background counting rate of 93+2 c/min while

taeckground of 98+2 ¢/min. Back-

m

counter tuce #5 showed
ground was counted a2iteraztely with the two tubes for s Total

time of 66 minutes. Tnis vube wes filled witih counting gas

zn@ an inactive czrioon 4iocxide sample and used to count bzgk-
PO T o R - P v o 1 . - . ~ on st
ground ohily for 2l counis. The coun bif;g £as used was S0%

argon-10% metnane, commsnly called P-10, supplied by Matne-
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P

Tacle 1. Plstesu charecteristics of counter tube #1%:°

5 _ _ ___Voltage® (

D 1600 1700 1850 190G 2000 2100 2200

5 117 798 £810
10 708 1415 204% 2305 2375 2510 4818
25 1825 2232 2321 2412 24398 2515 4740
35 1989 2322 £329 2470 £525 2508 7939
50 2232 £383 cess 2460 2498 2596 5579
g0 2270 2415 24353 2450 2578 £623 4290
96 2334 2418 2345 2497 2550 £641 2017

Counter tube #1 was used for counting all zctive
samples in this work. It was operated at a discriminator
setting of 60 and =z voltzge of 2000.

bThe figures in the tsble are counts per minute for the
same sample.

Q

CVoltage applied to the counter tube.

dpjsecriminater getting. This dial 1is calibrated from

0 to 128G, but the figures zzve no gbsolute meaning. As tae
figure increases, tne voltzze of the lowest pulse the system
will count decreases, i.e., the system discriminates zt iow

pulse neignts when D is larze.

[

described fully in Ine scurces clted, it wilil not be given

in detail nere. However, Inge Tollowing is the general pro-
gcedurs. The compound is wsigned into & combustion ftube wita

2 microbalance. Tne weigning is by difference using g szzll

siuminum scoop or porcelzin coet. The smount of carbon iz



S

tne sample is generally £-3 mg for "microanzlyses." The

(

“—

comtbustvicon Tuve is atitachned

o]

tne apperatus and most of tne

£

air expelled from the systew. 4An glkaline hydrazine solution
is introduced 1lnto UThe meanometric champer and tne combustion
periormed. The carbon dloxide evolved from the sample 1s
adsorbed by the glisline nycrazine. The compustion tube is
disconnected and tne unsbsoried gases expelled. Alr free
lactic acid is zdmitted o tne mznometiric chamver in order to
liberate the carbon dioxlide. P; 1s read. The carbon dioxide
nen distilled into a counier Tube which hss been evacuated
to 0.3 mm or less. Condensation is accomplished by immersing
the end of the counter tube in liquid nisrogen. The counter
tube 1is disconnected and Po (pressure after removal of carbon
dioxide) ie read. The differsnce P;-Pg is taken to be the
pressure of the carvon dioxide evolved. This difference less
a reagent blank gives the pressure of the carbon dioxide from
the sample. This pressure is multiplied by a factor tabulsted
by Van Slyke and Folch23 ;o vield milligrams of carbon.

Van Slyke and Foleh23 recommend that knowns bte run cn

systems which may not be exsctly calibrated snd the resulting

4]

- Attt aaTl P e e = 33
theorstical fzctor e used for subsequent analyse

ince tne calibrated chamber
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was broken in cleaning tne apparzius at one time. The re-
sulls of some zrnalyses of knowns sre given in Table 2. Tae

factors calculzted Irom Taese szre given in Table 3.
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Table 2. Van Slyke manometric analysis of known pure

compounds
= @K Correction
Compound (thecrevical) {(founa)® fzctor
P

Potassium eciad
pnthalatel 1 47 .03 45.72 1.028
Benzoic acid® 1 £Z.E5 66.70 1.032
2 £2.23 66.5C 1.035

Average 1.028

[92]

. - . ~ R - . 9%
4 using tze fzcvtors of Van Slyke and Foleh®v.

Table 3. Corrected Van Siryze mznometric fsctors

T(OC) Factor
20 0.0071402
AR 7116
22 7083
23 7051
o4 7019
25 5288
26 65858
27 5828
28 688¢
28 687C
30 6841
31 8814
32 8786
33 6759
o4 8732
35 6706




After tne countier tuce has warmed (0 near room tempera-

ture, it 1s filled to simospneric pressure wiin P-10. T is

tnen reedy Tor counting.

Statistical treatment of radiocnemical data

Since the disintegrations of radioactive nucleii gppesr

&in ounting

- b a2’ lua-
reat data obtained by

)

ot
Q

%0 be random, i1t is propsr

X

tzese disintegrations by stztistical methods. Tne following
is a summary of the metnods conventionally used by radlo-
chemists. A discussion of this topic is given, for example,
by Friedlander and Kennedy.31 The reader is referred to that
text for derivation of formulze zand elgboration on the ideas
presented here,

The stéﬁdard deviation is a measure of the degree of
internal agreement among & set of measuremehts. If this set
is averaged, tnen the standard deviatlon gives é measure of
the precisioﬁ of tae meaéurement. It is fourd that the ex-
pected stancgard deviation of a measurement of the number of

radicactive disintegrations occurring in & given time interval

is the square root O the numcer of disintegravions counted

t
o]
H
o
i

if that numper is large. Couating rates are generall

i o :
“~G. FrieGlander and 4. W. Kennedy, "Nuclezr and Radic-
chemistry," Jokn Wiley & Sonsg, Ine., New York, N. Y., 1885,

p- 2902.



observed figure and the standzrd devistion ers divided oy
‘the same constant. If two couniing retes are sdded (or cub-
tracted) itne standard deviztion of the sum (or difference}

is the sguare root of tne sum of tne squares of tae stanceard

A
S D 4

[»]

#

aeviations of original rzies. If the standard deviatl
each of two rates to be multiplied (or divided) is on tks

order of 1% of the counting rate, tnen tne standard deviztion

is on the order of 1.4% of %tae

i
«t
o

of the product {(or quotie
product {or quotient). I the distribution law of a series
of evenis 1s kncwn, then tne standard deviations of measure-
ments of tThese events can e given a concrete significance.
Using the Gaussian distribution for rasdiochemical disintegrz-
Tions lesds to the conclusion that the probability thet the
actual error in a measursment is greater than the standard
deviation is 0.32. Simiiarly, the probzbility that the
actual error in the mezsuremsnti 18 greater Than three times
tne standard deviation is $.0027. Tnus, if the standard
deviation is zbout 1.4% of tze reote meassured, then the proc-

ability that the mezsurezent is less than 4.2% in error is

this work were measured in suca g2 Tashion taat tne stzndsrs

D m 2 -— '] - —~ ca o p ~ Trew
4Eeviavion was on vne coraexr of 1% of the observed rate. ITmus,
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tne above statistical considerations epply to a2ll derived

’ -3
LR bt

ata given in - Standard deviatlons sre gilven in

o

£
3]

Tsple 4, therefore, conly for directly observed data.
Bleuler and Coidsmitna give a Tormula for the most
efricient partitioning of counting time between background

counting end sample counting. Generally, this formuls weas

-

3 - = T - -2 £~
wed gpproximgtely. In adaition, I

[&]
H

Tollio
necessary to count Ior more than 10 minutes, baciground was
counted for a snort time {usually 10 minutes), tnen sample
was counted for & similar time, then background and sample
alternately until tne count was finished. 1In this manner
errors due to actual variztions in the beckground during the

counting period were minimized.

The calculation of the yields of p-methyltiphenyl

The active benzoic ecid used in these experiments was
ring lgbeled. Since tne p-methylbiphenyl formed consists of
& pnenyl group from Tne original benzoic acid and 2 p-tolyl
group Ifrom the sclveny, walch was inactive toluene, the
specific activitly o tane p-methylbiphenyl is the same (on =
molar basis) as the venzoic zcid from which it was made,
1820 c/minéﬁfmu¢=.

directly, nowever, it wzs conv

®
]
ct
]
£
ct
(o]
Ty
{
s
:3
B
(<l
'...J
o’
0]
]
N
(o]
[an
Q
0
0
fote
o)

'zn Ty - St o~ - — - - - o
Y&k. Bleusr and E. o. Zoldsmith, Y“Experimenisl Nucle-
onics, ¥ Rineheart & Sozpeny, Iac., New York, H. Y., 1882,

p. 68.

samples which 1T was



Tavle 4. Summary of data on the reaction of benzoyl peroxide with toluene

) Count . :

Run®  Conc.P e P4 rate® s B8  Carbon® v ¥pd

(moles/L) (umoles) gamoles) {(e/min) }Umoles) (e/min/ (<) (9) (o¢)

/amole)
4h-1 10~ 235.6 221.5 R212+13 13.60 163+1.0 76.18 10.5 205-214
. 578+ 8 0.00 116+1.6 78.83 7.2 R216-218
-3 258+ 4 1.98 130+2.0 76.27 8.1 -

LbA-1 1074 S07.6  230.0 2460428 18.74  18141.2  W.76  10.4  £10-000
oY 1164518 12.89 94.8r1.0 B0 7.4 D1B-DDD

-8 1668114 11.78 182vl.2  ©9.18  10.6  (31b)

AThe seocond number refers to the series of the analysis, L.e., whether the
sample has been subjected to one, two, or three sets of sublimations.

bgoncentration of benzoyl peroxlide 1-C14 gt the beginning of the reactlion.

CAmount ol carrier, inert p-methylbiphenyl, added before the reaction mixture
was worked up.

damount of benzoyl peroxide used in the reaction.

2Counting rate for the sample taken for radloanalysis.

TAmount of sampie of p-phenylbenzoic acid taken for carbon and redioanalyses.
89pecifio astivity}of the p~phenylbenzolc acld isolated.

(Footnotes cantinued on next prge)
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Table 4. (Continued)

Count . ,

Run Conag . C P rate 8 B Carbont!  y! MP

(moles/1) }amoles)’pamoles) (¢/min) &amoles) (¢/min/ (%) ( %) (ec)
A mole)

BB L Lo £96.0 203,56 12560+10 12.99 96.540.8 B80.20 B.1 206-882
-2 592+ 7 7.90 74.94+0.9 80.08 6.2 D220-822
-3 207+ 3 5.06 67.8+1.0 g0.18 5.6  (220)

A1 dxlO“5 2820 19640 201+11 10.78 89.2+1.0 78.06 7.4 2056-212
i ——— — —— — _—

-

- - — —

hyan Slyke manometric c¢arbon snalysis of the p-phenylbenzoic acid isolated.
It won dlscovered that the liguld combustion reagent used for the first serles of
analyses had deterlorated. A fresh solution was used for the second series. This,
0o, began o gilve questionable analyses after 2 days of use, so it was replsced
wlth another fresh solution. Unfortunately, no blanks were run using the second
reagent employed. A blank was run on the third, which wes made from the same
reagents as the second. The blank was run at one temperature only. The epproxime-
tion was made that the blank might be congldered all carbon, end the blank was
accordingly corrected to other temperatures usling the carbon factors. The theo-
retical amount of carbon for p-phenylbenzoie scid is 78.77%.

lyield of p~methylbiphenyl from the reaction, based on the expectation of
getting 1 mole of p-methylbiphenyl from 1 mole of benzoyl peroxide.

(Footnotes continued on next page)
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Table 4.

(Continued)

Count
Hun Conc. G P rate B Carbon Y MP')
(moles/L) yxmoles /umules) ¢/min) &umoles (e/min/ (%) ( %) (°c)
_umole)

12A-1  6x1.0™9 275.0  186.6 05956+37 18.22 217+2.0 75.46 £0.0 218-221
— 1172+14 7.89 148+1.8 79.65 13.1 216-218
3 1353513  10.48 129y1.2 77.08 11.5 215-219

LLA--1 10"5 269.0 188.0 1'702+16 17.16 99.5+0.9 76.82 e e
- 371+ 4 5.10 72.8+0.8 82.67 6.0 218-222
-3 767+ 7 10.21 75.2¢0.7 66.02 6.2  (220)

14E--1 Zl.O"5 3485.0 182.95 11560+13 15.62 84.4+1.0 69.11 2.8 £16~-2R25
-2 496r 4 6.78 73.2:0.6  79.55 7.8 220-£%e
-3 345r 4  4.54 76.0+0.9 79.98 7.9  (220)

JThese nelting poilnts were made on a microscope hot plate. 1In seddition, two

gealed caplllary melting polnts viere made on a coplous sample, 154, and a Fleoer-
Jolins melting polnt was taken on Z2A-1.

Sealed caplllary:

Flaher«Johns:

15A-1 217.6-218.8°C
15A-3 208 ~214
2A~1 221

The values enclosed in parentheses represent temperatures at which the semple under

obaservation had completely sublimed wilthout melting.

()]



ledtal
i,

arter a Xnown cuantitity of insctive p-methylbiphenyl nzd been
tiie finsl resctvion mixture. If no inective p-methyl-

pipnenyl ned been addeld, the specillic activity of the p-

Thus, Dy measuring tae specifilc ectivity of the p-pnenyl-
benzoic acia whicn wszs isolated,; cne obtains directly from
tne specific activiiy of the starting benzolc acld the factor

by which the preoduct p-methylbliphenyl was diluted:

o

Dilution factor = %

where A 1s tne specific activity of the starting benzoic =zcid
(1820 c/min/;zmole) znd B 1s the specifie smetivity of the
p~-phenylbenzoic -acid finally isolated. The dilution factor
‘can alsc be expressed in terms of the unknown quantity
\A,’/Lmoles) of p-metzyibiphenyl which is formed in the re-

action end tze xZnown cuantity (v,/x(mcl cf inert p-methyli-

biphenyl addeC before ine mixture was worked up-

s e X +
Diiuvion factor = 9—?—5
Thus, eguatingz the Tws exXpressions for the dilution fezector
and substituiing 1220 for A, we obtain:
X =20
1820 - B
Trie percent yield oI r—methylbipnenyl from the resction ig

i
[0

obtained by Iividng Z oy P gfznoles of benzoyl percxide used



in the resction) znd multiplying by 100. The percent yield

€d 1in tnis resnion is that based on the expectation

b
ct

calcu

<

01 octelning 1 mole of p-methylbiphenyl from each mole of

benzoyl peroxicde. This convention for expressing the yield
ig followed througnout this dissertatiocn.

The results of these experiments are given in Table 4.

The Rezction of Benzoyl Peroxide with
Durene and Mesitylene

Ezstm

5

winite lapel durene was recrystallized from
ethancl and water. 7The melting point as determined in a

Thiele tube was 78-80°C (uncorrected).

Benzoyil peroxide

]
gl
)

asimsn benzoyi peroxide was recrystallized by dissolv-

»

ing 1tv in the leastT possible amount of chlorcform and pouring
the solution slowly and with vigorous stirring intc Skelly A.

ine percxide was fiitered 2nd dried under vacuun.
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Trection 14 oi tine spove chromatogrspny wes recrystal-
lized Irom etaznel sznd weter. I wre tioen sublimed and drled
ir. 2 2rying cistol over Pgls5. Tne rellewing preperilesg were
nteerved:

¥elting point - 131-152.5°C (uncorrected).

Soluvility - Ine compound wes insclucle in weter, 5%
agueous nyurocnloric zcid, 5% aqueous sodium hydrox-
iGe, concentrezted sulfuric 2cid, and syrupy phos-
canoric zcid. Tnis places tne comrpound in solubil-
ity cless I of Shriner, Fuson, and Curtin's scheme
or aﬂalysis-55 In view of the rezction this com-
pound is probably a hydrocarbon.

Inlrzred spectrum - The infrared spectrum in carbon
disulfide showed no carbonyl band, indicating that
the compound must be derived from phenyl rzdicels
ené/or durene. The spectrum showed an overall
resemblance to Tzt of durene.

Ziementary anslysis - A sample of tae compound wes sent
Tc Geller Lsborstories of Hzckenszack, New Jersey
Tor an elementzry analysis. Tze results zre given
in Tzble © together with the thnegreticel znslyses
Por Two OF tne most likely suspsectls. The znelysis

33z, L. sariner, R. C. Fuson, and T. ¥. Curtin, "The
Systezelic Ilentiflication of Organic Compcunds, ' £th ed.,
Jonn Wlliley =zn4 Sons, Inc., lew York, . Y., 1855, p. £4.
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Tacle 2. Carbon anzlyses of unkriown compound ana spects
Carbon nyoroven
Compound (%) (%)
Z,9,5,%~teiremetnyloipnenyl 91.43 8.57
2,8',4£,4',5,0'-nexametnylbibenzyl 20.17 2.83
Unknow 82.27 2.85
corresponds very closely to the theoretical one
for 2,2',4,4',5,5'-hexamethylbibenzyl. The other
data are alsc consistent with this identification.
Frgctiong 5-10 were combined and sublimed gt astmospheric
pressure. The sublimation was interrupted before it was com-
pleted znd infrared spectra of the sublimste and the residue
were msée. No distinctive differences between the spectra
ccuidéd ce seen. Anomalousl both showed s carbonyl band,
5-8%/2- wise, they were durene specira. Since the
solvent used for combination of the fractions was zcetone,
perczps e cgrbonyl band is dus to traces of unremoved

-

Czrcoon

~zr resctions were carrieé out

-

£nG wWere analyzea

cioxlde

valning ascarite and annylirone in

for

c

Y
¥

160

in exactly toe same

con dioxide and acids as

- Nitrogen wzs passed tarocugh tubes con-

& thick welled



sucticn flesk containing the unbroken reaction
ampule, througn two more acsorption tubes conteain-

ing ascarite, and finally tnrougn 2 bubbler tube

containing sulfuric acid. After ZO minates of
flusaing the system 1n thls manner, the connecting

tubes to the zbsorption tubes between tne flask and

:g_:?

tne bubbler were pinched off with clamps. e
absorption tubes were removed, welighed, and re-
placed in the system. Tne reaction ampules were
then broken by vigorously shaking the suction flask.
Nitroge:n was passed tirough the system for 30 min-
utes %o an hour. The absorption tubes were then
rewelghed, the difference being taken as carbon
dioxide.

Acids - The acids were titrated with 0.1052 N agueocus

2

acldé measured ig teken tc be benzoic zecid. An

experiment descrilbed telow confirms this. The
results of the carbon dioxide and venzoic geid

cdeterminations sre given in Table 7. Tae confi-

dence placed in the czroon dioxide determinestions



is not high, sinc

and could possiitly

ascarite tubes.
gave good agreeme

dioxide. A& third

e durene 1s relatively volstilie
also have deposited in tne

Nevertheless, two determinatlons
nt in Loth acid titrs and carbon

gave a lower acid titre and a

lower carbon dioxide anslysis. IT is not includsel

in Table 7.

Tzple 7. Products of the reactions of benzoyl peroxide witnh
durene and mesitylene

Yields® P
Tempersture Moles of Cerbon Benzsic
Solvent (°Q) solvent dioxide acid
Durene 100+8 G.015&0 61.5 €3.8
81.0 1G0.4
89 C.0150 - 128.8
28.6 129.8
27.2 -
27.2 132.8
0.0300 33.2 iz27.4
¥esitylene 8% 0.Q718 g9 .4 87.8
0.0288 102.4 88.8

rce
czroon dioxide or 1 mole of
jo! e

OThe yield of 2,2,4

nt yields based on the exXpectetion of 1 mole of

cenzoic scid per mole of benzoyl

, 2,0 -hexametnylbibenzyl, based

A1
= . ’- - P
s The expectation of 1 mole per mole of renzocyl peroxide,

w25 55% {crude weign») wren
zpproximaitely 100YC

the resction was carried out 2T
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In one insteance the Skelly A solution of the reaction

fh

mixture wazs separsted after titration with tase end crie
over celcium chleride. The Skelly A was then evaporated and
infrared spectrum of the residue obtained. This specirum

snowed a carvonyl pesgk &% 5.8%/1 with a shoulder 2t 5.89a .

The residue was tonen tritursted with concentratsd sulfuric

o7

. L. - - 3 -
acid anc tae mixture poured into water. The water was ex-

f

tracted with ether. Extraction of the ether with 5% aqueous
base was followed by saturating the basic sclution with carbon
dioxide- The ether layer was evaporsted and an infrared
spectrum of the residue made. The carbonyl pezk at 5.85u

had disappeared, but the shoulder at 5,89u remained. The
resultant agueous solution was then extracted with ether and
the ether evaporated, yielding no material. The agquescus

basic solution was then neuilralized and extracted with ether.

B
[

Evaporation of this ether layer slsc led to no meterizl.

Iz is probgble thzt this treatment would not lead to recovery
of such water solucle compounds &s benzoic\acid when the cuan-
titlies present wers so0 small. The infrared spectirz indicate
the presence of tws czrponyl compounds one of wnich is re-

moved by thne trezizent Zeseri

[ 4]

ed. The most likely csrtonyl

et

por

L T ons of benzoyl peroxicde witn

[41]

COmpOouUnNas resuliing Iroi ac
nyaroceroons are esters. The probable estsr producits of this
reaction sre phenyi benzoate, £,3,5,6-tetramethylpnenyl ben-

cenzoezte.

W]

zoate {(duryl cenzcate), and Z,4,5-trimetaylcenzy



The reaction of tenzoyl peroxide
witn durene at 8&8-C

Speciel ampules fitted with two inlets contsining "Bresk-
offsky" seals werc used ss reactions vessels. Zurene and
cenzoyl peroxide were introcduced into the ampules, they were
evacuated and Ilusned with nitrogen three times =nd sealed

under vacuum. Tne gmount of benzoyl peroxide used was always

£

0.368 g (0.00151 moles). The amount of durene used was 2.0C
g {0.0150 moles) except in one case in whieck 4.50 g (0.030
moles) were used. The ampules Were placed in 2n 0il bath
maintained at 88°C. After 2 days they were removed and in-
gserted in =2 system including the same features z2s the one
already described plus é dry ice-acetone trap between the re-
action vessel and the abéorption tuﬁes, U-tubes with stop-
cocks were used {or absorption tubes. All connecting tubes
of the system were flushed with nitrcgen before the analysis
was begun. The szscarite u-tubes were fitted with stopcocks
wnicn could be cpened and closed to regulate tze flow of
gases fnrough them. After flushing the systexz well with
nitrogen the ascarite avsorption tubes were wsigned and re-
inserted into izs system. The "BreakofTsky® sszls were

broken by raisizg small magnets which had besz inserted ebove

ot

he seals befors Ine ampules were put into the srystem

3

dropping taese cn the seals. Nizirogen was tzen passed through

the system for 20 minutes or more. Tne asczrite tubes Were



reweigned. Further flusning wlth nitrogen was found in zll
cases vo produce small varlisble cnanges in tne welgnt oI the

eing

0’

tubes. These changes were present even wihen the gasss

'

flushed through the system by-passed the reaction vessel.

b

Since tney were variable, no blank correction could te =zde.

ct

ne variations were usuelly within 5% of the totsl weilz:z
cnange in actual runs. This would lesd to a 2-3% difference
in the percent yield of czrbon dioxlde from the reactiszs.
Inis 1s the magnitude of the probable error in these =czsure-
ments. It is toought that the small variable welght differ-

ences might be due to variations in the amount of sur

+
u

()]
1

moisture sbsorbed, singe these tubes have gqui

face. After the carbon dioxide measurement was complesed,

the ampules were removed from the system and opened. Tz

of acids. ne acids were titrated as before. The resuits

of these analyses are presented in Table 7. The baéic £51u~-
tions from two of these titrations were acidified and extract-
ed with ether, leading to a 97% yield (based on the titra-
tion) of a material melting at 121-122°C after one rec=rFetzl-~
lizstion from water. Toe infrered spectra of both Tze erude

-~

and recrystallized material were identical with thst 52 en~
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The reaction of benzoyl peroxide
witso mesitylene at 8890

Tne procedure used here was exactly the same as that for
tne reaction of benzoyl peroxide with durene at 83°C. The
results of the carbon dioxide and benzolc acid analyses ere

given in Table 7.

Miscellaneous Experiments

The reaction of N-nitrosozcetanilide

x h 1 " n nA 1AAI"
with benzene and lodine

N-nitrosoacetanilide wss prepared by bubbling nitrogen
diocxide through & solution of 5 g of scetanilide in 25 ml of
glaciai acetic acid ﬁﬁfil the solution turned dark green.54
The solution was maintained at 5°C or below throughout the
operation. The solution was then poured into 25 mi of ice
and water, precipitating the H-nitrosoacetanilide. The yield
was 2.74 g-.

Next 2.24 g of N-nitrosoacetanilide (C.0138 moles) and

.34 g of iodine (0.0171 moles) were placed in z 100 ml

>

oo

round bottomed flask with 75 ml of benzene. The Denzene had
been purified by wasaing witn concentrated sulfuric scid
until no yellow cclor developed on treatment with more suli-

furic zcid until no yellow color developed on treztzent with

: 94y, S. ¥. Grieve and D, H. Hey, J. Chexz- Soe., 1797
1934) . — T



more sulfuric acid, tnen distilling through a column packed
with nicnrome wire. Tne flesk was kKept in a dry ice-acetone
patn until the contents had peen degassed by evacuaiing and
flusning three times witn nitrogen. The flask was then
warmed to room temperature and the contents dissolved by
sheking. The reaction mixture was kept under z positive
pressure COI nitrogen a2t all times. After thne mixture had
ceen at room tTemperature for 12 hours, it was refiuxed for
1 hour. The mixture was washed with distilled water, then
with pasic sodium thiosulrate solution, and finally with dis-
tilled water. The cenzene was distilled throughk a nichrome
packed column and the column washed down with Skeiiy A. The
residue was chromatographed on a 1 inen X 15 inch alumina

column. Some of the early fractions eluted by Skeily A were

Aol

mixed with chloreoform snd tresated with chlorine.sa A yelilow
s0lid which decomposed at 122-123°C (uncorrected; was ob-
tained. Nichol and Sandin give 120-121°C as the decomposi-
Tion point for phenyliodosochloride. Thus, the presence of

iodobenzene is indicsted. A totel of 1.286 g of phenylicds

o)
b

sochloride was isolated. Thais corresponds to 2 33.4% yield

€N

4

he

(28

of lodowvenzene. I%T is not believed, however, ths?

[

Tormation and isoletion of the phenyliodosochlorife is

guantitetive.

357, C. Nicnol end R. B. Sendin, J. Am. Chez. Soc., 67,
1307 (1948).
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A later Ifraction eluted by Skelly A deposited s white
s0lid on evaporation of tne solvent. Tne material was sub-

. Tne meilting point of tioe sublimed materlal was

[oF!

ime

bt

56-69°C (uncorrected), and a mixed melting point
was 67-700C {uncorrected; 11t.°°, 69-70°C). Furthermore, the

Ny 1

with biphen;
infrared spectrum of the mzteriasl was identicel with that of
an autnentic sample of biphenyl. The yleld of biphenyl was
agout 1% in another similar experiment. .

Later rresctions eluted with Skelly A snowed a pale yellow
color. Evgporation of the solvent from these led to a deep
yellow-orange solid. It was sublimed and Tlotted dry. Its
melting peini was 64-66°C (uncorrected; 133.07 for azoben-
zene, 68°C). The infrared spectrum (Perkln Elmer potassium
bromide pellet) was i&entical with & that of en authentic sam-

R ~% ~ . M} + . 7 5
pie of azovenzene. The total yield of azcoenzene was 0.035

The reaction of phenylazoiriphenylmethane
witn benzene in the presence of added triphenyimethyl

Tripnenyimetinyl was prepared under nitrogen from 8 g of

triphenylmetayl caloride and 30 g of mercury in 50 ml of ben-

e —n o - - Ja—
zene Dy tToe metnod of Hammond, Rasve, and *odie. The

e, "Handovook of Chemistry,® 5tn ed., Hand-
booXx Publi Lers, Inc., Sandusky, Calo, 18432, p. 472.

Zammond, A. Raave, and F. H¥odic, Anzl. Chen.,
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spparactus used was tne double flask descrited by these
autnors. In thne loce of the flssk into which the triphenyl-

metnyl sclution wes to be filtered was pilaced 100 ml of ben-

zene and 35.80 g of phenylazotriphenylmethane, which was pre-
. . ; \ ) 38 .
pared by %the method of Conen and Vang. The entire system

was Kept under nitrogen throughout the experiment. The lobe
cf the rlask contalning the phenylezotriphenylmethane was
kept immersed in a dry ice-acetcone bath cGuring the entire
period in waich the triphenylmethyl was being prepared.

When the preparation of the triphenylmethyl was complete the
gpparatus was tipped so that the soluticn of triphenylmethyl
in benzene filtered through a sintered glass disc into the
lobe of the flask containing the phenylazotriphenylmethene.
When the Tiiltration was completle, tihe dry ice-scetone bath

was removed and the system allowed to come to room tempera-

-

e s¢clution was stirred with a magnetic stirrer. It

ot
[}
H
o
Ei

was allowed Uo remain overnight at room temperature, then

ne finel resction mixture was

jny
o
Y
ct
<)
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D
lny
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H
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o
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bright red and clear. When oxygen was bubbled through tke

mixiture, wie red color disappesred, but no precipitate

fu

formed. Tne benzene was dletilled through a nichrome packe

column, whicn wes then washed down with ether. Wnen the ether
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The coclumn was wasned down with Skelly A zrnd the resulting
residue filtered (any biphenyl on the cclumn should come down
witn Skelly A). Tnhe precipitate was z wzite s0lid, $.0443
80°¢C

~t
“ U

ixed melting point

K|

&
~

nt 85« edj,
X -~ 4 3 . -} Q QO - ~ cnry . 40 [e e AO
wita tripnenylmethene 20-92°C (uncorrected; 1lit., ™~ ©3.47°C).
The sclutlon was shaken with distilled wzter (to hyéroly:ze
any remaining triphenylmethyl chloride) zzd =zllowed to stand
in contact witn the water overnight. TIzs Szelly A solution

ulfzte, and fil-

m

was then separeted, dried over magnesius=
tered. Chromatograpny on alumina gave 1.71 g of material
whicin was eluted by Skelly A, but the meiting point of this
materis: was not well defined (60 - gresser than 100%Cc). It
was probably a mixture of hydrocarbonsiibipheﬁyl, triphenyl--
methane, and tetraphenylmethane). Since Zetraphenylmethane
is of very limlted solubility in both Skelly 4 =nd ether, it
is not liikely that it was a major constituent of the mixture.
Some tetraphenylmethane
the mixture with potassium dichromate sz sulfuric acid, in
the expectation of oxidizing the ftriphenyiImethane present to

.. 41 s
triphenylearcinol,; and isgolsting the zZyirocsrbon fraction

*¥{. A. Lange, op. cit., p. 688.

=+C. R. Noller, "Chemistry of Orgesric Jompounds," ¥W. B.
Seundere Company, rFaniladelphia, Pa., :95:, o. 541.



e
=71

lit.éz for tetresphenylmethane, 285°C). Since triphenyl-

methene is mucih more soluble in ether thnen telrapnenylmethene,

it is surprising thst it separsted from the ether solution
g P

was formed 1in substantial G

rzte of deccmposition of phenvylazotrinhenylmethane in the

£

presence of added triphenylmethyl snowed that the rate is

unaffected oy the triphenylmethy1~45

Fadt 4

N. A. Lange, op. cit., p. 835,

i

2
=

(¢}

b

[

3 ¥. Garst end G. S. Hamzond, J. Org. Chem., in press.



DISCUSSICHN

Aromatic phenylslicns wnich appear to e free radicel in
character have been accomplished with benzoyl peroxide, phenyl-
azotriphenylmetzane, diazonium se2lts in casic solutions (Gom-

berg reaction), diszonium chlorides (thermsl decomposition),
44

arn AR TAawmI S an [ mocmmmsmin [ R,
diazoniunm chiorides (cuprous catalyze

[l

decomposition),
N-nitrosoacetenilide, lead tetrabenzoate, paenyl iodosoben-
zoate, l-phenyl-5,5-dizlkyltriazenes, gnd cther simiiar com-
pounds.g Mono- and polysubstiituted benzenes aznd hydrocartons
containlng condensed ring systems can be used as the sub-
strate with some success in obteining producis of phenyla-

A

tion, though the nigher molecular welght condensed éystems,’5
as well as some of the substituted naghthaleaes,46’47 tend

tc yield products of benzoyloxylation if the reaction is car-
ried out wiith Terzoyl peroxide.

The proof thet the reactions zre free rzcicsl in nature

group entering the gromztic ring does not correspond to thsat
443. C. Dickermen, X. Weiss, A. X. Ingterzen, J. Org.
Chem., 21, 380 {1838;.

4 . - < as - ]

i8R, L. T nnpiey snd M. Gippin, J. Am. Czex. Soc., 74,
332 (18s2).

A ﬁ’_. - - - - -

Tf5. ¥. Lynez 2nd K. H. Psusacker, Bfustrslian J. Chem.,
0, 155 (1857) .
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predicted on itne basis of the thecry of electropnilic aromatic

n

L . & e o . . _
substitution ahd whet othner reactions, such &s vinyl poly-

merizetlon, Tacugnt to ce typilcally free radicazl in character

-— - - A b N 3 g ] 49
can be initialed by many ol tThe =2vove mentioned reagents.
Moreover, evidence for the free radlcal nezture of the phenyla-

ticns by any particular one of tne above rezgents spezks for
the free radiczl nature of phenylations by ail of them, for

it hes been dezmonstrated that essentially the same isomer
distribution is obtained when any of the reagents thus far
tested (in some cases as many as five) are allowed to react
witn a particular substrzte. One would expect that differ-
ences in the nature of the attacking species would be reflsct-
ed in the isomer disiribution, hence the attacking species

is probably the same for all tne reagents tested. Additional
evidence for the free radical:nature of the rezctions of

benzoyl peroxideEO end phenylazotriphenylmethane°1’52 1s that

the products of these reacticns can be diverted by the in-
ciusion of 1odine, g Typicsl free radicsl scavenger, in the
48 7 TralTan® H 2 e o~ 3 s 1]
G. W. ®wzeland, "Resonance in Orgenic Chemistry John
Wiley Sons, Inc., New York, N. Y., 1855, p. 476.
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reacting system, without chsnging the unimolecular rate at

-
P

-~

waolicenl the rsdlcal source deccmposes. The producis of The

decomposition of N-nltrososcetenilide in benzene zre also

diverted by tne inclusion of iodine (see Experimentsl).
The ylelds of viaryls from these resctions are never

lerge, at least in those cases where the unsubstituted phenyl

radicel 1s employed. Most fregquently, the blaryl amounts to
not more tnan 0.5 mole per mole of phnenylating agent used.
Probably the most complete product znalysis of the reaeﬁioﬁ
between benzoyl peroxide and tenzene thus far reported is
that of Lyncn and Pausacker.9 A typical product enalysis
from one of thelr runs is given in Table 8. In thls table
the Y"first benzoic acid" is that obtained by extracting the

reaction mixuure with 5% aqueous sodium bicarbonate, while

[¢:]
0‘
(!
G
£
e
Cy
(]
.
(W]

by alkaline hydrolysis of the mixture. It is seen that

benzoic scid, carboen dioxide, esters or other msterial
hyd reiyzable to benzoic zcid, ané high-boiling residue are

the major products. The residue formation is common t0 the
reactions of azlil the common sources of phenyl rszdicels with
aromatlc selvents, though the amount of residue varies some~
vhat. Phenylezotriphenylimethene, decoﬁposed in tenzene,
leads to biphényl, iripnenylmethane, and residue, wznile
N-nitrososcetanilide, wihicn resctis zs benzenediazcsacetate

lezcés o ciphenyl, acetic acid, =and residue in the sanme

fu



Teble 8. Yields of products of decompositicn of tenzoyl
peroxide in btenzene (initisl concentrztion,
4x10"1¥) at 78%

Product viela (%)&P

Carocon dioxide 1i¢

First benzoic acid 45

Second benzoic acid 31

Faenol 5

Bipnenyl 40

Quaterpnenyl 2.5

Terpnenyl i

High boiling residue 72.8 z/mole peroxide
8The data are those of Lynch and Pausscker.®

BThe vield is based on the expectztion of 1 mole of
product frem 1 mole of benzoyl peroxide.

—~—

sclvent

-

U
-

solvents exce

-;J

ShnTeins

Tne guantities of bleryl producéd

egquivalent to or less than the

rsduced,

0

or acetic =zcid

!

that the

Th -

18 rzese resctions is

(Red

ring

~
>3

nri
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. Tnese results ere typical for oizer zromatic

tze substituted
are generzliy roughly
triphenylmethane,
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appears, tnen, tanat in prnenylation tne redicels wnicn accept

N 3 v mEF S - -~
tae ring R¥GrCgen sYOms are

m

lueys, insofer as 1s Known, those

wiilen saould, on thecretical or eXperimental grounds, be ex-

pected to pe among the less reactive radicels in the solu-
PR RPN w1 e o o k--- 2 e s e =y b g . o i s 03
tion, and thus have a higner sieady state concentration

tnan tne more resctive phenyl redicsls. VWnile this appears

10 ve a2 unifying principle relating 211 phenylations about
walch sufficient information is known conceraning the products,
it may not be true for aromatic substitutions by other radi-
cals, sucn as met‘nyl.54 Pausackerlo has recently noted that
the action of m- or p-nitrobenzoyl péroxide on benzene results
in an spproximately 0.90-0.94 mole per mole of peroxide yield
of'nitrobiphenyl and an edquivalent ylield of nlirocenzoic acid.
Hence there is no doubt in this case at leéét that the'fate

of the nuclear hydrogen 1s combinetion with the nitrobenzoyl-

0xy readical. TIne residues from the reactions of benzoyl perox-

ide with aromatic solventis appeer to ccnsist lsrgely of con-
jugated unsaturated compounds. It should be noted (see Table
8) tnat small amounts of phenyl benzoate, terphenyl, and

guaterpnenyl zre formed wnen benzoyl peroxide is decocmposed
in penzene. Of particular interest is ize Fazet that the

guaterphenyl yield is indicated to te scmewnzt grezier than




n
A

the terpnenyl yield.

Any mechanism for free redical arcmatic phenylaticn
should be atle to accomodate tze products summerized sbove
and other outstanding Iestures of the rezction discussed in
tine following peragrapns. Rondestvedt and Blenchard™ have
mentioned several of these and the reasder is referred to their
paper for further discussion as well as to Augood and Williams}'

Orientatvicn in free radical pnenylation oI substituted
benzenes does not lend itself to explanation by any theory
based on tne type of considerations that explain orientation
in electropnilic sromatic substitution. Table 8 gives some
data on orientztion in prenylation. In genersil, the entering
phenyl group snows a tendency to substitute ortho to the group
already present, irrespective of its nature. Thus, ortho sub-
stitution occurs though the extent of 48-67% Tor each of the
following substituents on benzene: nitro, fliuoro, chloro,
bromo, ledo, cyzno
the various positicns is not 2s grest ag in slectiropnilic sub-
stitutlion, wioere Irequently the amount of subsiitution at

some poslition ies venieningly smell.
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Table 9. Oriengagion and reastivity in the phenylation of aromatic compounds
at 80°C

compouns  orx ong onr B Ho Bwme Fone ot wed
CehNOo 58 10 32 4.00 6.86 1.20 7.68 1.81 0.31
CgHgH 68 26 14 1.04  1.81 0.87  0.87  4.14° g.00f
CgHyl 654.1 30, "7 156.2 1.35 2.19 1.80 1.23 3.58 £.02
Citigll 60.d Ro.9 15.8 | 1.44 2.60 1.12 1.19 4.37 1.438
C gH B 49.5 83,3 17.4 1.75  2.09 1.80  1.85  2.83 1.91

8Compiled from date given by Augood and Williams.l Detailed references »re
gilven by these authors.

bmie total rate fector; the rate at which phenyl radicals substitute the

compound in question relative to the rate af which they substltute benzene.

CThe partial rate factor for the position indicated by the right subscript;
Lue rate at whloh pnenylalilon ocours at the indlcated position of tihe compound in
question relative to the rrate at whioh 1t occurs at one position of benzene.

dphe ratio of ortho to para (o/p) or meta to para (m/p) isomers formed in
tne phenylation of the compound in question. The statistlicsal value for esach of
tiie quantltles 1s 2.00.

€The ratio of alpha Lo gamma lsomers.

Tphe ratio of beta to gamma lsomers.



Table 9. (Qontinued)

ﬁggﬁgﬁig “or & *é;i‘/_é’ ony Hoo(o)  Hn (8) Ko oo wp

Gghpl 51.7 31.6 16.7 1.80  2.08 1.71 1.80 3.10 1.89
CgHEON 60 1.0 30 3.60  6.48 1.08 6.48 2.00  0.33
CgaCHy 66.5 19.3 14.2 1.68 3.5 1.0 1.4 4.68  1.36
CeHaCollp 53 28 19 1.24  1.97 1.04 1.41 2.79 1.47
CeHpCaty=L 31 42 27 0.87 0.81 1.1 1.41 1.15 1.56
CgHyCqtg-t 24 49 27 0.87  0.63 1.28 1.41  0.8% 1.82
CplsC s 48.5 25.0 28.5 4.00  2.91 1.38 3.42  1.70  0.81
¢1oHg 83.4 16.6  -- 23.90 29.90 5.48 - 5.026 -

G gHpS03CH; 63 33 14 1450 2 .39 1 .49 1.26 3.7 2.36
CgHpCha R0 40 40 0.99  0.59 1.2 2.4 0.50  1.00
CeHpBSL(CH3) 3 31, 45 24 1.06 0.99 1.4 1.5 1.29 1.88

BThe ratio of alphs to beta lsomers.
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tert-butyibenzene gives 245 ortho substitution. Horeover, in
studying the alkyl benzenes one cannot ve sure just how much

of the decrezce in ortno phenylstion 0 ascribe To the steric

C!’

ef'fect, since the amount of para substitution increases only

glowly from metnyl- to tert-butylbenzene, wnile the fraction

of meta substitution goes up repidly, resghing 42% at tert-
lbenzene, indicating that a secondary effect is influ-

encing the meta position. Furthermore, 1T one locks at the

butylbenzene one immediately notes that the orihoc rate factor
is somewhat less than that for any position in benzene. How-
ever, if one looks at p-ditert-butylbenzene, in which gl11
positions sre ortho to a tert-butyl group, one notes that

the partiszl rate factor for any pcsition is nearly that for
benzene. ience the steric hindrance is-not necessarily the
predomlineant fzctor in determining the rate of phenylation

oriho to & bulky group. Sym-tri-tert-butylbenzene has not

4

= e I om e ie Ty A — £ 3 - PR S | ¥ <

¥et Deen expiored in tThlg reaciicn, but shoulid prove o be
- 1 2 £ 2 3 3 X -~ L e S - b

01 some significance, since each position is Fianked by two

of many compounds Toward phenyletion by the compstitive
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method. Two substrates are allowed to compete for a single

3

G

ase, tThe phenyl redicel. Their relative

.3
pom
n
(®]

o0 o0 l
vv.ﬁ.vs—- »

.r easured by tne relative yields of preducts

4]

AY]

reactivities
derived from tnem. In applying this method, a number of
assumptions must be made, some of winich are Justifiable,
others of which may be doubtful. It must be assumed that the
reaction witi each of the substrates is of tne same kinetic
order in each sf the specles entering into tze transition

state, which is reasonasble since the ssme resction is being

+
v W

*h

v vtln
L2

examined with similer substraztes. It mus e further assumed

that the side reactions are of the same order for both com-
pounds and thet they proceed to similar extents. This assump-

tion has been attacked by Lynch and Pausacker9’10347,

who heave
shown that the amount of residue formed in rezctions of ben-
zoyl peroxide {the most commonly used reagent for the com-
petitive experiments) with aromatic substrates varies from

one compound o another snd does not remain in the same pro-

hen thev are miyxed. Furthermor the rezntinns muet

be carried %o only & small percent completion, otherwise the
selective destruction of one component would change the con-
centration rziio of the components, making czlculations dif-

ficult. In szite of these considersticns, 1%t is not felt that

A

tne relative rezectivities measured in this way are grossly

b

in error, alizcugh the quantitative zepects ¢ tne experiments

-

may not obe entirely correct. In any event, tzes

o
o

zta are

'..,l



presently Tae only data avelleble pertalning to tne relative

activities of tThe various suopstratves towerd Iiree vhenyl

]
W

radicals, =3 it must be edmitted thatl tiey show & fairly

cf internal consistency. In several instances,

63
H
o

ign degre
tue resctivity of a substrate A has veen mezsured relative

10 substurazte B, taen B measured relzative to C, znd then A
mezsured reiztive to C, with the result thzt the product of
tne Tirst Two reletive reactivities zgreed guite hicely with
the toird. Ine results of experiments such 25 these are
usually expressed in terms of g %totel rate factort, ﬁK,

where the symool represents the rate at waica CgHgX is attack-
ed to yield Tiaryls relative to the rate at which CgHg is
similarly attacked. The results of these mezsurements and

the isomer &istributions may be combined to give "partial
rate factors¥, %ko, where the symbol represenis the rate at
winich an orizo position of CgHpX is attacked relative to

the rate 2% wnich one of the six positions of benzene is

tiacked. Tzole 9 gives a 1list of tofal and partizl rg

«t
D

t~

fectors. It is apparent that substituents hzve only a2 small

effect on Tze reactivities of compounds CgHEzX. HWitrobenzene,
one of Tane z=ore reactive substrates toward paenylation, isg

only four Tizes as reactive 28 benzene, which
sponds %o & &ifference in free energy of zctivztlon £

phenylation of 0.98 kcal/mole, which is very smali. Another

Teature of tze data which strikes one's attention zlmost
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immedistely 1s the fact that practicaily 211 substitusen are

Only in cases in which steric nindrance is

prominent does one find that some compounds react more slowly

than benzene. Even in these cases, it 1s generally found

tnat this oversall relatively slow rate 1s due To slow reasctiions

at Tae nindred positions, zand pertizl rate Tactors

for the other positions snow that they
reactivity toc one position of benzene.
electronic effects of substituents may

upatituted

by substituted phenyl redicals.

Sternfeld’?

phenylation of benzotrichloride. They

are a2t least egual in
Some more pronounced

be present in arylations

For exsmple, Dannley and

have obtained 100% meta compound in the p-nitro-

obtained no ortho

isomer when the same compound was phenylated, but thlis may

be at least

para ration was less tnan two, indicati

single position in this case was the parsa.

p-metnoxypnenylation of nitrobenzene:

the following partial rate factors fo

in part due to steric effects, since the meta/

ng that the most active

Simamura and
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7.24, &k

sl

e

1331

4
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0 _
zzp = 8.95. Simlleriy, M¥orrison and Sweeney°7 have

=
EWS

0, zna

shown that p-nitrophenyl radiczl is strongly oriented to the

°°R. L. Dannley &nd M. Sternfeid, J. Am. Chem. Soc.,
76, 45435 (1834).
965, sSizemura and T. Migita, Buil. Cnem. Soc. Japan, 27,
228 (1854); C. A., 48, 15720 (1955).
57~ 5 a T~ - «
S7z. T. ¥orrison snd 2. F. Sweeney, Avstiracis of Papers,
130tao ¥eeting of the American Chemlesgl Sociely, Atlantl
City, X. J., September 16~2i, 1858, p. 74-C.
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ortho positions of anisole, 80% of tne subsiitution of this

.. - - e
occecurring ~t those »ositiens.

H

PN 1
agalcasn
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for tnis ortno substitution 1s 5.5, tut tne totsl rote

ot
+
[}

o}
factor 1or snisole relstive to cenzene is 0T more thean 5.3,

since these suthors report that tne pzrtisl rzte fectors for

reaction &% tnze meta and pars positions zre less tnan one.

The mecaznism presented by Augcod ang Yilliamsl is one

in waicn the controlling step of the resctilzcn is the sddition
of the phenyl radical to one position of tze arometic systen,

FTAnrnmin n g2 ey Aanmnlaoav il Tn o ~er Amsrnal o i am s nd
;O.;m;.a;g G SLgEa gonpaex” . B84 D..Léwa COETLEE Wiig ox;uurlng
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group is bound to the particular carbon 2t which substitution
occurs, wihlcz carbon has, then, z tetrzhelérzl configurstion,
and is removed from the conjugated system. Augood and

Williems believe that The hydrogen ztom from the ring is lost
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producis of rezctions carried out in tne zrszszence of nitro-

tenzene or cuincne (see reference 52 in z282%tion to those

given by Augccé and Williams). It dces nct zeem to be

energeticsily fezsivle thet tnis soould =zetuzlly be the

=
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course oI tne sucstitution step-58 The dlssociaticn energy

of tiphenyl is at most 88 kcal/mole. This is obtained in the
Iellowing manner. Pitzer59 glves the bond energy of a carbon-
carbon alkene tond a5 not more than 81 kcal/mole (at OCK).

Tne carbon-carbon bond of biphenyl should be of this strength
except for 2 slight effect due to hybridization and resonance.
Tne effect due to hybridization is neglected. That due to
resonance 1s Tneoreticelly estimated at not more than 3
kcal/moleGO (;.g., 3 keasl/mole is the difference between the
reésonance energy of biphenyl and itwice that of benzene).
Hydrogenation dat%ta indicate thal the resonance energy of

o

biphenyl is only 1 keal/mole greater than twice the resonance

(4]

nergy of benzene. Combining the figures for the carbon-
carbon alkane bond strength and tne maximum estimated reso-
nance energy of biphenyl, and adding 4 kczl/mole in order

to lend certainty To the proposzl thzt the figure is a maxi-
mum, 88 kcal/mole is obtained for Zhe ceniregl cearovon~-caroon
bond energy of biphenyl. The bond dissociztion energy for
Ttne carbon hydrogen bond of benzens 1s given by Szwarc and

Williamsel es 102 kcsl/mole, obtained from pyrolysis dsta.

ine, “Physics]l Organic Cheris
, Luec., New York, N. 7., 185

-

58x. 8. Pitzer, "Quantum Chemistry," Prentice-Hzll,




o}
N}

-

This means that the activestlion energy Ior the reaction pro-
posed by Augood =nd Willisms must te 2t least 14 kcal/mole.
It is difficult to see now a reaction witnh: this zctliveation
energy could compete with radical-redGicszl reecticns, which
are usuglly very Iaest, with activaticn energies of 0-9 kcal/

moie and ters on the grier of 199 in many

reguency n the oré
£
cases.6‘ Tnat the phenylation resction is very fast is

emphasized even more by the failure of ine decomposition of
phenylezciriphenylmethzne in benzene to lezd to eppreciable
yields of tetraphenylmethance in the presence of gross gquanti-
ties of added triphenylmethyl (see Experimental). It is pos-~
sible thet solvation of the radicals involved might be prefer-
entlally great with the hydrogen atom, tut even in this cese
it would be difficult to sccount for complexation of such s
high enthzipy change. It is concelvacle, however, that the
hydrogen ztom is lost from the ring tc anocther solvent mole-

-

two hydrogen atoms. This complex coull then proceed 1o react
with othsr redicals {benzoyloxy, for sxzs=ple) to yleld i
hydrogen. At eny rate, the important consideration relative
to the mecrniznism under discussion is tze Tact that 1t pre-
dicts a sutetitution step which is kinetically first order in

rgdicals. If one modifies the mecrhsniz=r so thet the hydrogen

atom i1s rexzoved by a second radiczl, Tze resultl is still of




tne same form kineticslly 1f trne first stesge, the addition of
tne phenyl radical tc zae aromatic ring, ie toe silow step.
The mechanism in wnich tne hydrogen stom is removed from the
gigme compleX by a second radicsl is probebly the most widely
accepted mechanism for free rediczl sromatic substitution.

A greav deal of taeoreticzl work has been done in an
attempt to correlste relative rezctivities of the various
substrgies with molecular orcitsl theories of pi electron
systems. Such quantities as the "“free valeance! and fstom
locelization energy’ have been cmployed with the most success
(see discussion of Augood and ¥illiamsl). The free valence

is a cnaracteristic of the ground state of the molecule. It

is an index to the extent to whiech g particuler atom is par-

ct

'.JA
ct

ticipzting in bonding, relative to the maximum exten
could participate. In a sense, thnen, it is & measure of
the degree of “unsaturation¥ of gz particular stom in a gysien.

- < b
course of reazction the gtom becomes

[

n thn

1

It is sssumed th

h

i

1)

bsaturated" in its bonding, and the energy diiference between
Toe state of unsaturation and tne state of saturztion is taken
&8 z mezasure of tae activation energy for the substitution.

Tne metnod of "atom locslizetion energies® is similer in
ax

Nt

form, vut probebly 1s based on firmer tnecreticzl grounds.

in this method, the transition stzte for the resction is con-
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sidered to resemble the sigme complex. In the sigma complex,
the electrons on the atom being suvpstituted have been removed
from tne pi electron system. They have veen "locelized!® on
tnat atom. Tne difference between the pl electron energy in
the ground state and that of tne trensition state (with one
atom removed from the system) is texen to be 2 messure of the
energy of activation. The results of calculations of these
types are given in Tgble 10. It should be noted that the
calculations involve adjustaeble psrameters in cases vwhere

there sre sucstituent groups. Narhitnalene, however, and

ct

biphenyi, can be trested without the use of any arbitrary
pzrameters. The results of these calculations do not agree
extremely well with the experiments. Indeed, it would hsve
been surprising if they had, for the Treatments involve many

assumptions and gpproximations. In view of this, no great

p -

usuelly, proper. However, nazphthzlene presents somewha

zztion energy trealments are in sharp dissgreement. Since
thieg is tae prime instance of a2 czlculztion which does not
involve eny arbitrery parameters, it is difficultd to ration-

ng oul sharply the

1

alize thie disagreement witnout point



Table 10.

Theoretinal oaloulations of reactivities of saromatic compounds
toward phenylation®

Calculsted by free valence method Celculated by atom localizstion method

compouna 1o (oyb Xen(g)® Xep() XK o Bemg)® ey X
C6H5N02 — o —— —— 2.25 0.85 8.47 2.49
CgHF 1.97 1.00 1.34  1.21 — - — -
CgHgol 1.79 1.10 1.3¢  1.19 5.81  1.42 1.92 2.73
CgHghr 2.07 1.10 1.34  1.28 _— — - -
Cglyl 6.12  0.05 1.97  2.35 - — .- - &
CHglHg e - - - 2.81 0.86 2.14 1.48 )
O 450 5,20 0.91  1.97  1.70  32.10  0.76  5.98  11.95

8Compiled from data given by Augood end Willlams.l Detslled references sre
given by these authors. ‘

brhe partial rate factor for the positlion indicated by the right subscript;
the rate at which phenylation occurs at the indicmted position of the compound in
question relative to the rate at wnich 1t occurs at one position of benzene.

CThe total rate factor; the rate at which phenyl radicals substitute the
compound In questlon relative to the rate at which they subastltute benzene.



Table 10. (Continued)

Calculated by free valence method Caleculseted by atom localization method

Aronatic X B H X X X H
compound  H¥o () XKmQB) X¥p( ) %K HKo (o) Hkmyﬁ) Hep () XK
CplipNg 4.96 0.91 1.97 2.28 ——— — — —
CgHgN 2,01 0.82 1.97  1.57 2.33 1.95 1.49 1.68
C1oMg 13.71  1.54 - 10.03  8.8x10% 19.7 - 4.4x10%

CoHplgls 604,95 0.86 1.97 538.53 - -
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invelidity of some of tne assumptions, and therefore of toe

lculstions in generail. 1T could not be seld that these

@]
o

csziculations, 1n ituneir present state, lenu support to sny
mecnanism.

Rondestvedt and Blanchard3 present a several ster mech-
anism incorporasting the essential features of the mechanisz

-

I Augood and Williams, but invoking & preliminary complex

&}

To account for special fezitures. Both Augood and Williems
and Rondestvedt and Blzncnard believe that the ratic of isc-
mers formed in the phenylation of substituted benzenes is =z
reflection of the st
Rondestvedt and Blanchsasrd state that they do not know which
step of thelr proposed mechanlsm is rate determining, novever
they base thelr discussion on the assumption that the forma-
tion o the sigma complex from the preliminary is the slow
+

step. They feel thatl The sigma complex might either donaie

1ts hydrogen atom To the sClvent, the new radicals producing

o
bl

r, more likely, that & sec

©

reduced compounds andéd tzrs,
radical reacts witn the sigms complex to abstract its extrs
hydrogen. Tney belisve tzzgt radiczls may be somewnszt siec-
tropallie, thus tending %o complex with sites of higz elsgiron
density. Using this aypctizesis, they postulate thet ortno

orientation is preferreéd for most substituents beczuss thse

inconming pnenyl radicsl cs&o coxplex with the electron rich
{in some manner oOr anotier; sucstituent in the preliminzry



erticle:
Although resonance stabilizstion of tne isomeric
orthv and pars sigme complexes is identical (steric
effects Gisregarced nere), a dirfersnce in the
energy coatenis of the iscmeric Ypreliminary com-
plexes¥” or in tne energy barriers tTc thelr forme-~

tion will result in a higher concentration of the
more favored preliminary complex. Therefore one
oI the sigms complexes will be formed more repid-
ly, and oge isomer will predominate zmong tThe
products.”

This reasoning cannct te vezlid. That this 1s true can easily
be seen from the fact tazt at =211 polnts up to the transition
state tne system must be in equilibrium with resctants. 1In

particular, il formalion of the sigmas complex is the slow

[ R

step, with the transition state resembling the sigma com-

plex, then the preliminary complexes must be in equilibrium
with reactsnts and with the transition state. This being

true, it 1s seen that the stebility of the preliminery com-
plex hge no effect on the rate of formetion of any isocmer,
The only factor of importance being the free energy differ-
ence between the resctants and the sigma complexes (as models

-

for the transition stste). Only if the zssociation witn the
i

mecnanism. Tne zutacrs tremselves 2dmit thet this is un-
likely for such substituentis as the halogens, though it may

be possivle for subsiltuentis such as tne niiroc group, wanich,

)
o]
l((‘j
Y
o

incidentelly, 40es ot faver ortho sutstituiion ov
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except by the statisticel Iactor of two, anc nence doec not
require tae exrlenztion. It is seen, taus, tnat Roncestved?y
and blancnerd's postulates concerning the effectis of ine
stabilities of Tne sigma complexes and the rreliminery com-
plexes on the iscmer distributiorn sre mutuslly irconsistent.
Tnese authors alsC teileve tnat in some caseg nyérocgen
abstraction may vecome the rate determining step, in which
case they expecl 30 ©ind a deuterium lsotope effect.

Tne mechaniszs of DeTar and Sagmanli5 zrd of Lynca and
Pausacker®:10 inveolve generating tiaryl, at least in pzrt, in
induced decomposition steps. While there is no doubt that
induced decomposition occurs in the case of Tenzsyl peroxide,
no evidence for induced decomposition has been obtainéd for
some Of the ccher sources of free phenyl radicsls, noctably
phenylazotripnenylmetnare. As g matter of fact, phenylazo-
triphenylmethene shows good first order kinetics even 1o high
fractions of decomposition, and these kineties are not
affected 0y the presence of trityl radical-é Thus, wnile it
is possible thzVy some Ciaryl may be genersisd in induced

cecomposition steps woen scme radical sources zre ussd, there
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must also be scme formsd
mecnanism 0f ithze forzsztion of tne labtiter in wzien we =zre
primarily interested.

Ine “krypvoraiiczl® mechanism of Huisgen znd Horeld™ 1is

& concerted meccanisr {see Historical sectioxn). Tzey zpplied



[T

scavenge radicals from benzoyl peroxide enc phenyiszotri-
: - 51,52 ... - - . . <
pnenyizetnenev Y'Y with goout S0% efficiency. Thnls could be
accounted Ior 1ii tne lodine rescted with the radical source
in & cocncerted sction similer te the proposed resction with

cenzene. HDowever, if this were true, one snould expect a

dependence on the rate of decomposition of benzoyl percxide
and phenylzzoliripnenylmetnane on itne lodine present, and

this 1s not found.%9:°l It is unlikely, then, that this
mecheniem can be the proper one.

The mecaznism of Hemmond and co-workers
retionelization of the features of the rezcticn which have
been aiscussed. In particuler, the mechanism readily
sccommcGaies the observed small varigtions in the rezctiv-
ities 0of zrcmastic substrates, the relatively smell effect of
steric zindrance, and the lack of grezt selsciivity among

The vericus positions of substituted tenzenses.
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Tnis complex must te of a small free energy of Iormation,

B B oy N bR Pt o v~ Y, 3 T -3
of tue complex would propavly be the

otherwice tne formation }8
rate aetermining step of the reaction. Toe comnlex would be,
most likely, & ¥pl complex", in which the radiczl is imbedded

in tne pl electrons of thie substrate, and will
referred to in that manner (though it ie zlso possible that
it cculd be a sigme complex). The mechanigm of Hammond and
co-worsers differs from tnst of Rondestved:t znd Blanchard3
in toat the pl complex enters into the rzte determining step

whicn is bimoleculsr in rsdicals, not unimolecular. Hammond

hes discussed situations in which transition state energy
can oe correllated with the energy of reactantis or products.
In the case of highly exothermic reactions, it is thought
thet tze transition stale must resemble tre reactants. This
is particularly true for radical-radiczl resctions, which are
usuaily very highly exothermic. Since in tne mechanism of
Hammong and co-workers, the rete determining step is the
last one, products must heve been determinsd in the transi-
tion state of that reaction. Since that resctisn is 2

diczl-radicegl reaction, the transition stzte =ust resemble

H
)

t
(]
$ul
g
<D
(U]
o]
et
()
e}
’_h
I3
Q

the rezctant radicsls. Tnerefore orient=ezio

P
= ] 1 A s =z fAo=cos
“=G. 5. Hammond, 1ibid., 77, 33¢ {185:Z}.




likely tnat there would ve large differences Detween tne

L

energies oI I[ormation oI complexes having different orienta-
tions of the pnenyl radical, taus accounting ror tie observed

lack of great speciricity. Similer considerations apply to

»

tilte vezriations in reactivity smong sromatic substrstes. Since

Ttae pl complex must lave only =z smell energy of formztion,

[N

t is provably a "loose complex, that is, the phenyl redicsl
is prooably not in very close proximity (compared to ususl

bonding distances) to the substrazte or its substituent groups-

My v @ mm o o~ o and E R e R R Y b 117 4 = 3
Inierefore sirong steric interaciions will not appear in the

transition state for the reaction unless the groups concerned
are particularly bulky.

According to the mechanism of Hammend and co-workers
only tiose phenyl radicals which are complexed will lead to

-

izely thegt phenyl radicals

e
0]
[

products of phenylation. It
would resct upon meeting another rsdical whether they were

compiexzed witn solvent or not. It must be shown, thaerefore,

o=
o = - 1 ey - — ~— - - -
“<I. ¥, Kiotz, “Chemical Tohermodynserxics, Prentice~-3Hsll,

- ol 200, = ety

inc., Y¥ew Yorz, 4. Y., 1880, . £7%.



assumed to ce O kcal/mole, then 23 eguiliorium 50% of the
pnenyl redicals will be complexed witnh benzene. Since the

yields of Tlphenyl Irom tThne rezctions ol
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complex of O kcesl/mole is suf
opserved yield 1f all of tne cozplexss at equilibrium resuls
in product. If the standard free energy of formestion of the
complex at 80°C is assumed to te -3 kcal/mole, then 98.5%
of the phenyl radicals exist at ecuilivrium as complexes.
Tnese estimates of the free energy of formation of the com-
plex are certainly of the proper magnitude to be considered
small, and are therefore consisteni with previous considera-
tions.

Price and Convery have recently demonstrated that there

is no tritium isotope effect wnen 2,4-dinitrotriticobenzens

tion must invelve the

stretcaing of the carbon-nydirozen bond at the seat of sub-

et
|-.Jo
n

stitution. Tnis argumen not rigorous. As previously
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tazt of Augood and Williams, it p
mechaniagm of DeTar and Sagmﬁﬁli,a
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There appears to be substant

redicsl-solvent comp lexes,

transition state of

Hammons

f reaction of the pi complex

zn zpprecieble extent in
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2n occurrence which is
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to be observed.

gils vo disg-

Hzmmond and co-workers and

- ~

rocably does eliminate the
ox the basis discussed

izl precedent now for

co-workers68 have

gnd

demonstrated there probebly exisis a radical-~inhibitor com-

~

plex 1in the iphibition of zir oxidetion of hydrocarbons by
punencls and emines. The evidence is that there is no iso-
tope effect when tihe hydrogen atom previously thought to be
zostracted in the first step of inzitition is replaced by
Seuterium, and that the Kinetics zre properly fitted by 2
mecnanlism in which radicals form cooplexes with the inhibitor
371, Melander, Arkiv Xemi, 2, 211 {18550).
%€¢. 5. Hammond, C. T. Boozsr, C. E. Hamilton, and J.
. Sex, J. Am. Chem. Soc., 77, 3235 {1355).



in rapid reversible rezsctions, btut not by a mechanism in which

b}
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tne caain carrying redicals abstract hydrogen atoms from tne
innicitor. Russell69 nas opotained evidence that chlorine
atoms complex with sromatic solvents. He studled the photo-
cnlorination of 2,3-dimethylbutezne. This hydrocarbon has
only twe iypes of hydrogen atoms, six primary and two ter-
tlary. Since tTertiary free redicals are generally more
stacle tazn primary ones, tney zre probably more resdily
formed. The ratio of tertiary to primary hydrogen abstraction
will, however, depend not only on the stability of the prod-
uct, but also on the reactivity of the attacking radicszal.
The more reagctive radicals will show less preference for
tertiary hydrogens than the less rezctive radicals. It ig
this kinetic criteriop‘that Russell epplied. He observed
that the ratio of tertiary to primary chloride formed in
this resction is a function of thke nature and concentration
of small amounts of additives. In particular, it sppears

8% most gromaetic compounds woen zdded in small smounts

of toe tertiary, indicating tThst sttacking specles are being
stzorlized. Furthermore, ze wzs sble to corrslzte the rztis
cf tne yleldes of tertisry tvo primsry cnlicoride with the con- -
ceniration ©f arcmatic sfcilive ©y tne following equatlon:




3°9/1° = k;

Tnis was tlaken as evidence tnatl some of tuhe aydrogen abstrac-

ed enlorine atoms, some by chlorine

r 4

tion was dcne by uncompleX
atoms complexed with one molecule of gromatic compound, and
some by cnlorine atoms complexed witn two molecules of aro-
mztic compound. OThers nzve pocsiulated radical-solvent or
radical~substrate complexes as possible explanations for
certain racts, but their evidence is not as good as that
just presented.

The present work provides some evidence pertaining to
radical-sclvent complexes. Tavle 11 gives some typlecal
yields of carbon dioxide from decompositions of benzoyl

de 1in various aromatic sclvents. It Ls seen that there

Fu

erox

3

is a slignt variation in the yield of carbon diloxide in most

of peroxide end with temper-

)

cases with initial concentraiio

g concenirsiicons resulting in less

QJ

ature, higner peroxi
carbon dioxide and higher Temperatures resulting in more.
Superimposed on these silgat effecis are much more pronounced

differences from solvent To solvent, tne yleld of carbon

n

xide decreasing as one regsds down the table. The yileld

X - ] - R -~ - i R -~ + 3 -~ o
striZingly smellier than tzhe yielils in the zromatic compounds

nezr tne top of the tacle. Generzily, the suvsirates whic:z
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Teble 11. Yields of czroon dioxide and tanzolc acid from
tne decomposeition of benzoyl peroxide in zromatic
splvents
5 = Carbon . Benzoic Refer-
Solvent T(YC)  2/5% dioxide(q#)° acid(@)° ence
Benzene - 78 ¢.0110 136 42 9
75 .5098 151 - 70
72 L0147 149 - 70
72.8 0040 166 22 71
tert-sutylbenzene 80 0057 185 42 71
8% G037 1556 42 71
Toluene 75+2 .0556 120 72 72
Ethylbenzene 75+2 -0832 112 81 72
Cumene 75+2 . 0825 111 78 72
Nitrobenzene 78 -0127 93 69 47
100 -0127 99 73 47
Mesitylene 8g .0210 102 89 ¢
ag .0525 elel 88 ¢
Durene &g .0508 33 127 ¢
89 .1015 29 130 ¢
100+5  .1015 82 100 ¢
Naphthalene 100 .0158 42 g3 47
0-Bromonaphthalene 70 -0413 1 98 45
o-Chlorongpninaiene 70 - 2 91 46
- o=-Nitronapntinalene 70 . 0400 3 92 46
&The rzatio of the numcer of moles of benzoyl peroxide to
tne npumter of moles of scivent used in the resction.
byield of product vazsed on the expectation of 1 mole of
product Irem 1 mole of Denzoyi peroxide.

vd . H. Hellure, . E. RoD
Can. J. Research, 20B, 133 (184

1 - - T e o = - - -~ - -
7lp. F. Hartman, H. G. Ssllers, and D. Turnouli, J. Am.
Coem. Soc., 53, 2418 (1z<7;.

o3
&R H Tann? AT = e Irer FRES- =~ T e N e T
“R. L. Dannliey acc Z. Zzremsky, ipvid., 77, 1585 {18E&5).




wolicen resuit in tne lower yields of cerbon dicxide. A pos-

compose relatively siowly znd unimolecularly to yield phenyl
radicals and cerbon Gicxide, znd tnat tne lifetimes of the

ree cenzoyloxy radicele in tze scolutions vory in an inverse
fegenion with The reazctivity cf tnhe sclvent. If it is sssumes
tnat the rsedical-redicsl resgcticns in all the solvents occcur
73 PR o

2t similar retes ant tonzt cenzceyloxy radicels do not decar-

zoyloxy radical (&nd hence the yield ol carbon dioxide) must
be due to variations among the various solvents in interac-
tions unimoleculer in rsdicsls. Three types of such intersc-

tions may be eesily envisicned. First, the benzoyloxy radi-

l IJ

cels mignt add to the esrometic systems of some of the solven

to produce sigma complexes, evenituslly leading to esters and
cther producis, but proozbly not lezding to benzoic zeid es &
direct product of & radiczl-rzdicsl resction (in view of the
extensive recorganizstisn whicz would be recuired) unless s

sz

““Prne vailidity of This sssuzption is questionsble. How-
ever, it _is worthy of notTe ihezt Ierxinstion conslznis glven
foks Florysé gre gimiler for zgst zoncomers in vinrl polymerize-
tion.



atoms {such as benzylic nyirogen atoms) from thne solvent in

cal-radlcal reactions. Thira, the

[¢¥)
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h
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steps tasier inan tna
cenzoyloxy ragiceals migntT shter into locse pl complexes with
tae solvent, stabllizing toem Toward decarboxyletion.

If the assumption stated above that sigma complexes do
not leead to benzoic ecid is true, then spbout 50% of the ten-
zoyloxy radicals producei in the decomposition of benzoyl
reroxide in &-sgubstituteld nepnthzlenes must react as some

other species, i.e., eitcer zs free tenzoyloxy radicels or zs

penzoyloxy radicals pi cozplexed with the solvent. If they

)
e
['¢]
03

react zs free benzoylioxy rad 1s, and if tvhe assumptions

that the rates of ratiecal-rzdicael resctiongs in these systems
are all similar and that tenzoyloxy radicsls do not decsr-
boxylate at the time of their reazction with some other species

ere true, then the benzoyloxy radicels which lead to benzoic

ecid in naphthaiene must nave lived at least as long as those

rroduced in benzene . % Bus, this is inconsistent with the
ect ©o one essumption not men-
tione ) cf production of redlecls from
tne p X 2ll nts ere similsr. Hozski znd
Bartlett<C have sho e rave of decomposition of
venzoyl peroxide in olvents sctually varies coli-
siderabliy. Hoet of 3kis gtion 1s Jue, however, t&
veriations in tThe reve o tTze induced decomposition of tne
peroxide by radicale. Tze unizmocleculer rates of decomposi-
tion of renzoyl peroxide vazries only slightly zmong 2 series
ol eimiler compounas. Siznesz the destructicn of peroxide in
zn induced eTep does ncT s£iter the concentraiion of rzsdicsls
in toe system (1%v produces one radiczl and destroys onel,
ine Tact thel induced cecompositicn occurs has no bearing
{Focinote continued on next page}
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observed fact theat extensive decarboxylsaticn occurs in the

-

h

decompesition of benzoyl peroxide in benzene. ' Tnerefore
it is most likely that tnie Teilure of tenzeyloxy radlcsle to

decarooxylazte in K-sucsiituted nepntialenes {znd to & lesser

extent in naphthalene itself) is procebly due to stapiliza-
tion of these redlczls through the formation of pl complexes.

o

Tnis conclusion is, of rse, subject to reservatvions witn

0
Q

respect to the velidity of the sgssumptlons menticuned zoove.

o’

[e]]
¢

Tne deccmposition of Tenzoyl peroxide in durene migh
represent a case in which tenzoyloxy radicsls fzil te exten-
cylate because their lifetimes are shortened
due to 2 rapid reaction with the solvent to sbstract tenzylic
hydrogen atoms. Thet such a reaction can actually occur is
evidenced by the fact that bibenzyl or substituted bibenzyls
aré isolated Irom the decomposition of benzoyl peroxide in
toluene, ethylbenzene, cumene, o-xylene,3 D-Xylene, mesity-
lene, and durene (present work). Eliel, Fang, and Wil ien 0

nzve shown thst there is & sutstantial isotope effect in the

(Continued from last pszge} on the kinetic arguments presented
here. However, il is tossibtle that the benzcolie aeid in ques-
tion may be in whole or psrt produced in thne induced decom—
position sTeEn.

7913 is notv likely tTzet any large amount cf
rise from Y“cage® react*c is of raaicals produced
peroxide in benzene.v

?"’

Sp. L. Eliel, F. T. Fang, and S. Wilen, Abstrecis of
Papers, 130th Heeting of the Americen Chemiczl Sociely,
- - - ' ¥ T T vy AR AR 7_f
Atlantic City, N. J., SepTesmper 18-21, 1888, p. 17=-4.
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production of bibenzyl from K-deuteroicluene by reacilon

with benzoyl peroxide. Tnis implles thzt The benzylic carbon-
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13
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nyérogen toné nas been streicned in tne transition sizte of
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tne reaction in wnich the hycrogen ls removed, in
that the reaction is probeably unimolecular in resdicais.

It should be noted that the yleld of cerbon dicxlde from the
édecomposition of benzoyl peroxide in durene 1s smeller by =2
facter of three tnan tnat ovtained when the reacticn is car-

ried out in mesityiene &t tnze szme temperature. Since durene

nas one more methyl group tnen mesltylene, 1t might be that

'.-Jn
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ey 4 + : by
erely a statistical one. This is unlikely

the effect is a

Vi a 3

since comparison of the yields of carbon dioxide obtsained in
mesitylene and durene with tnose oblained in toluene snoow
that the carbon dioxide prcduced in mesitylene is less than
thet produced in toluenerby a factor of only 1.2, while the
carbon dloxide produced in durene is less by a factor of
four. More likely, scme speclal interaction occurs in durene
that does not occur in mesitylene. Two possibilities suggest
themselves. First, tae benzylic hydrogen atoms of durene
cculd be particulerly resciive becsuse of stabilizaticn of
the benzyl type rgdicel resuliing from the gbstracticn of g

zroup by hyperconjugative inmter-
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hydrogen zito

actions wita two of tne cther methyl groups. If this i1s tThe
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that the benzoyloxy rsdicels 2re stablllzed in durene more

tean ln mesitylene by pl complexing witn the solvent in the

same [ashion =s postulated above for the 1lnteracitlon tetween
cenzoylexy redicels znd napntithsalene. It 1s possible thaat pl

o]
e
[
(o
Pl
o

complexes of tTals Type cen decompose T
radicals and cenzoic ecid. Although the arguxents presented
for stebilizetion of benzoyloxy redicals by pl complexing
with: naphtnesienes and Gurene are by no means rigorous, the
explanation is considered more satisfactory than the alterna-
Tives, especially in view of the known tendency for naph-

thalenes and urene?7 t0 enter into more stable molecular

compounds tnsn many simple aromstic compounds.

In an effort to distinguish between mechanisms such as
that of Hammond znd co-workers,6’7 in which the rste deter-
mining step is bimoleculer in radicals, and mechanisms such

es tuaose of Augood and u_.lllams,1 Rondestvedt znd Blanche,rd,5

-

and Lyncn znd Paus cker,"’10 in which the rate determining

The basis for the work is quite simple. Radlcals gpparently
may reseti witl elther tnme nucleus or t
toluene, lezling respectively tc =ethyloiphenyls snd tibenzyl.

In 2ll probacility toe resction of the radicels with the side




o
M,

chaein of toluene is unimoleculer in radicals (see discussion
above). Apparentily both phenyl 2nd benzoyloxy (preseni

work with dursne} radicals can react with side chains of
aromatic compounis TO sbsiract «d-nydrogen etoms, while mOST
of tne substitutiscn on the nucleus is by phenyl radicels. IF
tne concentraticn of free radicals in the system 1s varied,
then variations iz the relatlve yielde of bibenzyl znd methyl-
bipnenyls snould result if the nuclear substitution reaction
is second order in redicsls and the side chein hydrogen ab-

st order. On the cther hand, if both resctions

Jute
]

straction T

I the sag n in the rela-

o
&
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o
41
e
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are o
tive ylelds of tzese two productis should be observed. 1T is
not possible to predict the variation of stesdy state radicsl
concentrations with concentration of radiczl source for short
chain resctions such zs the decbmposition of benzoyl peroxide
without detailed knowleldge of tne mechanism, but il the con-
centration of rasdical source tends toward infinite dilution,

the concentrations of the radlicals produced. There-

&

source tvends t¢ Infinite dilution if the substitution step

is bimoleculezr iz rzdicals and tne side cneln hydrogen
70 — - -
y : - e hivg = ~y T - s 3 o7 LFYI T T Ao T Nl o
"YL. om. =gy, . w.e renglily, anc G. 2. Wiilllzzs, J. CoEn-
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abstraction step 18 unimolecular. Mechanisms in which botn

the nuclezry =z side chain reactions ere unimoleculsr in redi-

radicel source tends to infinite dilution ii thet source is
benzoyl percxice, I2r at lower concenirstions more decarboxyl-
ation occurs, resulting in the evallablility of more phenyl
radicels for sucstltution.

Since meinylbiphenyls are quite difficult to isolate
quantitatively Irom sclution in zromatic solvents, it was

ecided to anziyze for them by the method of isotopic €ilu-

Cu

tion, using czrbon-14 as the isotope. The procedure used and
the method of calculstion of the results are given in the
Experimentzai section. Only p-meihylbirhenyl was determined,
tne assumption ceing mede that the lsomer distribution for
tne pnenylaticn of toluene does noct change with concentration.
Benzoyl peroxice 1-¢1% was chosen zs tae phenylsating agent
beczuse iT cculd pe conveniently prepared from available

materizlis, ceczuse 17T 1s essily purified znd assgyed, and

— x - - -— . - 1 3 A eer =
melerizise TnzT were grossly impure, eos indiczied by the
mes 2 o 2 -~ - P gy i E e - - -

melting points =z2nd tne Tezet tket turificatiocon led 1o de-



likewise oovious that run 12-A 1s far out of line with the
otaer resuiivs snd should ve dlscarded. I the remeining
analyses zre examined, it is seen that the agreement obtained

Letween duclicetes 1s in mostT ceses poor, tne differences
being as zuch as 20% of the larger one in scme instances.
the ylelds are generally in gocod zgreement with
ne valuss alrezdy in the literature, waich were obtained by
ordinary czemical and spectrophotometric methods. Table 12
gives Toese comparisons. The principal value of the present
work, tzez, ls The corroboration of thne publisned values for
the yleids of p-methylbiphenyl and the establishment of a
method for lsolating the desired product from the resction
mixture in quantities and activities conwvcuiently suiteble
for raficanzlysis. Furitner refinement df the method of puri-

fying toe Zsolated material should incresse tne precision of

tihe anszliysie. ™
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Table 1Z szows that the deta probavly indi

by mechznismg involving substifiution steps unimoleculsr in
radiczis. Tne irndicetion is, tnen, tazt sucn mechznisms are

-—

procvsbiy zct correct. Inat this is s¢ cannot te stated with

P - AroTe awa Frawinas sma ™2 o S . A A+t Y  F}
certaicoty uniil tae date are furinsr refined znd unitil the
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Yield of p-metihylbiphenyl from the reaction of

cenzoyl peroxide with toluene

7(°g) Conc .2 7 ) ReTerence
> 5.2x10"1 7.38 72
¢ 1.2x10°1 .38 79
£0-3110 4.7x10"1 5.92 80
50 10-1 8.10-10.5 c
£G 107 5.53- 6.18 c
20 3x10~9 7.44 ¢
20 107° 5.17- 7.89 c

O
w
o

CTnig work.

~-methylbiphenyl based on the expectation of

of product from 1 mole of benzoyl peroxide.

Zz%a relative to the yields of bibenzyl in the reaction are

zveiliavle.
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SUMMARY

Tne decomposition of cenzoyl peroxide in durene and
mesitvylene has been studied, witn emphasis on the yields of
ercon dioxide and ctenzolc acid obtained. Tne yleld of car-
bon £ioxide from the reaction in durene is particularly low,
wille that from tihe rezction 1o mesitylene is not. These and

tner similar data are best explained in terms of wesk inter-

o

ns of the benzoyloxy radiczls produced in the decomposi-

Q

cii

sy

tion of benzoyl peroxide wlta the solvent (pi complexing).

A mechanism for the free radical phenylation of aromatic

3
3
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:ompounds 1s presented whic £
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SvErmin. SRR Te
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n involves a rate
thet is bimolecular in radicals. It is shown that this
mechanism can account for the known facts about the reaction.
In an effort to demonstirzte that the mechénism is the
correct one, tihe yileld of p-methylbliphenyl from the reacticn
of ctenzoyl peroxide witn toluene at 80°C was studied as a
function of the initisl concentration of the peroxide, using

method of isotopic dilution. A procedure for isolating

fo!

The
2 derivative of p-methylbipaenyi from the reacticn mixture
in cuantities and azctivities ccnvenient for radiocanslysis was
developed. e values for Tone yields obtained sgree well
witn thaose glreedy in Tae literziture, but are nbt of suffi-

=

cient precision to allow interzretziion in terms of 2
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