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INTRODUCTION 

In tne pass ten years there has been a revival of inter

est in the reactions leading to the replacement of aromatic 

hydrogen by phenyl or substituted phenyl groups. The earlier 

studies in the field, those of the period 1920—1935, were 

mainly concerned with the qualitative nature of the products, 

the applicability of the reactions as synthetic tools, and 

the mecnaniSKS of the reactions insofar as could be deter

mined using the relatively crude techniques then at hand » 

It was recognized late in that period that the attacking 

entities were probable free phenyl radicals. 

Since the advent of quantitative Infrared spectroscopy 

and improved methods and equipment for ultraviolet spectro

scopy, interest has turned to detailed quantitative product 

analyses - From these studies have some much data on the 

relative react!vîtes of various substituted benzenes and on 

the orientations of phenyl groups entering the rings of sub

stituted benzenes. In addition, quantum mechanical calcula

tions based on hypothetical models for transition states, 

or on ground state characteristics which might affect the 

course of the reaction, have been made -

In spite of this. little has been done giving direct 

experimental evidence for the mechanism of the substitution 

reaction itself - This work is an attempt tc obtain such 

evidence. The work has taken two courses: ;1} a study 
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designed to provide kinetic evidence pertaining to the 

moiecularity or tne substitution with respect to radicals, 

and (2) a study providing evidence pertaining to the state 

of benzoyloxy radicals in solution. 
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HISTORICAL 

Since several reviews of free radical aromatic substi

tution have been published in tne past year, no attempt will 

be made here to give a complete review of the field. The 

review of Augood and Williams-*- is by far the most complete. 

These authors are former co-workers of D. H. Hey, and the 

view that- they present is largely that which Hey has expressed 

in his various papers. Dermer and Sdmison' s review^ is a 

summary of the more practical aspects of aromatic substitu

tion by radicals of all types, in contrast to that of Augood 

and Williams, who discuss arylation almost exclusively. 

_ 3 
riondestvedt and Blanchard' s article' is one of a series of 

research papers on the subject, but they have briefly re

viewed the field and proposed their own mechanism in the same 

paper- Nelson' s review4 is less complete than that of Augood 

and Williams and offers essentially the same material. 

The article of Augood and Williams"*" contains an extended 

compilation of the results of most of the more important 

papers which have been published on the subject. These 

3-D • R. Augood and G-. H. Williams. Ghem. Rev.. 57. 123 
(195?). 

. C. Dermer and M. T. Edri-son, ibid -, 57, 77 (1957) . 

-C. S. Rondestveat, Jr. and H. S. Blanchard, J. Org-
Chez., 21, 229 (1956). 

4p. p. Kelson, J. Chem. Zd., 32, 606 (1955). 
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authors discuss in detail tne background material which forms 

tne basis of common knowledge in the field. Furthermore, the 

bibliography presented there is far more complete than one 

wnich might have been given here. Since this is true, no 

attempt at giving comprehensive references will be made here, 

but the reader is referred to this article for references 

and summary discussion of background material presented here 

without annotation. Where tables of data are presented, 

tnelr- source will be indicated, though this may also be the 

article of Augood and Williams. 

The author will defer his discussion of the nature of 

tne reaction to the Discussion section of this dissertation. 

However, the more important mechanisms which have been pro

posed for the free radical phenylation of aromatic compounds 

are presented here: 

I. The mechanism of Augood and Williams:"*" 

CgHg • + ArH •—>- CgHgArH* 

CgHc,ArH- •> CgHgAr +• H • 

or GgHg' -r ArH > GgiigAr + H* 

These workers visualize the reaction as a direct displacement 

of a hydrogen s torn, probably through an intermediate quinonoid 

adduct, though there is no strong evidence on this point. As 

previously mentioned, their views are generally those of D-

ri • hey. 
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II. The mechanism of BeTar and Sagmanli:^ 

Radical source >- CgHg-

C5H5 • + ArH >- C5H5 + Ar* 

Ar • + Radical source —^ CgHgAr + Radical 

In this mecnanism the biaryl is formed in an induced decompo

sition step « 

III• The mechanism of Hammond. Rudesill, and Modic:^ 

CgH§* + ArH =?===±= OgH^ArH-

CgHgArH" -r R- CgHgAr + RH 

or GgHg* + ArH + R* *- CgHgAr + RH 

This mechanism has been proposed in the literature only for 

tne tr-itylation of benzene in the presence of benzoyl perox

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

IV. The mechanism of Rondestvedt and Blanchard:0 

CgHg- + ArH ( ±= (CgHgArH)-

(CgHgArH) • C6H5ArH-

CgHgArH • +• R" CgHgAr + RH 

These authors have patterned the mechanism after a general 

mechanism for electr-ophilie aromatic substitution. (CgHgArH) • 

5d * F. DeTar and S. Y. Sagmanli. J. Am. Oh em- Soc- . 78, 
Sob (1350). 

°G-. S. Haas end, J. T- Rudesill. and F, J« Modic, ibid., 
73, 3529 (1951). 

S. Hammond, in M* 5. Newman, "Steric Effects in 
Organic Chemistry,li John Wiley & Sons, Inc., New York, N. 
Y., 1955, p. 200. 
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represents a "preliminary complex," perhaps a "pi complex." 

G5ji5ArH- is a "sigma complex• " Rondestvedt and Blanchard 

feel that formation of the sigma complex is usually the rate 

determining step. 

7. The mechanism of Huisgen and HoreId :° 

C6H5N2OGOCH3 + ArH < * (C0H5iN20COCH3ArH) 

(CgHsNgOCOCKjArH) C6H5Ar + N2 + CH3C02H 

This is a concerted mechanism which was presented for phenyla-

tlcns bv N-nitrosoacetanilide = 

TL - The mechanism of Lynch and Pau s acker : 

C5H5* + ArH *- CgHsArH* 

CeHsArH- + R- OgH^Ar + RH 

CgHsArH' + (CgHgCOO)2 CgHsAr + COg + CgHsCOO-

These workers propose a mechanism in which biaryl is generated 

in two ways. One is essentially the mechanism of Augood and 

Williams. The other is an induced decomposition reaction of 

benzoyl peroxide• 

Other mechanisms could be written which involve hydrogen 

abstraction from solvent as a first step, followed by coupling 

with phenyl radicals. Such mechanises are not seriously being 

considered at tne present time, principally because the 

°B- Huisgen and G- Horeld, Ann., 552, 137 (1949). 

"B• v. Lynch and K. H. Pausacker, Australian J. Chem., 
10. 40 (1957). 

1GK. H. Pausacker, ibid., 10, 45 (1957) . 
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resultant; solvent derived radicals must be very similar to 

they pnenyl radicals from the radical source, yet biaryl 

derived entirely from solvent, i.e.-, dimethylbiphenyl from 

solvent toluene, is never found and biaryl derived entirely 

from tne radical source, i. *e •, biphenyl from benzoyl peroxide, 

is found only in very small quantities in aromatic solvents, 

about 1%. 
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EXPERIMENTAL 

The Reaction of Benzoyl Peroxide with Toluene 

Preparation of p-methylblphenyl 

p-M e thy I'd ipn e n y 1 was prepared by the method of Gomberg 

ao-i Pernert Seven moles of p-toluiaine were diazotized 

a.-.i The resulting solution added, with cooling by addition of 

ice and stirring, to a mixture of a. potassium hydroxide solu

tion and benzene • The dia.zotiza.tion was carried out in a 

4 Hier beaker, and the addition to the basic benzene mixture 

was done in a battery jar (capacity approximately 12 liters). 

The temperature was maintained at 5°C during the addition 

am. for 1 hour afterward. The temperature was then allowed 

to rise to room temperature and stirring continued for 4 

more hours- The organic layer was separated by siphoning, 

dried over calcium chloride, and distilled. When the solvent 

was practically removed, the remaining portion was distilled 

at 20 mm pressure. A fraction boiling at 148-155°C was col

lected as product. This was recrystaliized several times 

from, methanol (decolorizing charcoal was used in the first 

recrrstall!zation) Accidental overheating of the material 

on a hot plate resulted in the loss of a considerable quan-

Gomberg and J. C- Pernert, J". Am. Chem. Soe., 48, 
1372 (1926). " " — 
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tity. Approximately 35 g of the purified material (0.2 mole) 

were obtained. The melting point was determined using a 

Hersncerg apparatus and a thermometer calibrated in tenths 

of a degree. Tne corrected melting point of this material 

was 4?-5-47 -9°G (lit.,47.7°G)• This material was used as 

tne carrier in runs 2-4 and 14. A portion of the p-methyl-

biphenyl was again recrystallized from methanol and dried. 

Tne melting point, taken as before, was 4?.3-47.9°C (cor

rected) , identical with the previous one. This material was 

used as carrier in the other runs. 

Purification of toluene 

i ? 
Toluene was purified by the method of Fieser. Reagent 

grade commercial toluene was washed with successive portions 

of sulfuric acid at cool room temperature (water bath) until 

the sulfuric acid layer showed no coloration in 5 minutes of 

contact with the toluene. It was then washed with sodium 

hydroxide solution, distilled water, snd dried over sodium 

sulfate• Tne toluene was then distilled through a 1 in-

diameter, 50 plate Oldershaw column, a constant boiling 

middle fraction (109°C uncorrected) being taken for use in 

tnese experiments. The distilled toluene was further dried 

by storing in contact with sodium ribbons until use. 

"Experiments in Organic Chemistry," 3rd 
Company, Boston, Mass., 1955, p. 292-

-L&L. F- Fieser, 
3 - C. Heath and 
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Preparation of benzoyl peroxide I-C^ 

Benzoic acid l-C 4̂ was received from Tracer! ab-^ in 

small vials containing 0.5, 0.2, 0.2, and 0.1 millicuries 

eacn. One of zae vials containing 0.2 millicuries was 

opened and the contents dissolved in a small beaker of hot 

water. This was poured into a 1 liter Erlenmeyer flask, 

along; with several further rinsings of the beaker with more 

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

this flask. The flack was heated and water added until all 

the benzoic acid was dissolved. This required about 600 ml 

of water- The flask was wrapped with a towel and set aside 

to cool- Six hours later crystals had formed. The flask was 

then refrigerated overnight. The crystals were filtered by 

suction and placed in a desiccator containing calcium chlor

ide. After drying, a small amount was set aside for radio-

assay . The specific activity of the material was found to 

be 1820 c/min//f mole (counts/minute/micromole) using the 

apparatus and counting procedure described later. 

Benzoyl chloride 1-C14 was prepared from the benzoic 

acid 1-C~~ using the procedure described by Vbgel.'^ The 

benzoic acid 1-CH"~ diluted as in the above paragraph was 

13ïracerlab, Inc., 1-30 High Street, Boston 10, Massa
chusetts • 

1 « Vogel, "Practical Organic Chemistry," 2nd ed., 
Green and Company, New York, I.. Y -, 1951, p. 751. 
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placed in a 100 ml round bottomed flask containing boiling 

stories an a 15 ml of fresnly distilled thionyl chloride, and 

fitted with a reflux condenser with a calcium chloride dry

ing tube at the top. This mixture was refluxed for 1 hour. 

Tne condenser was then replaced by a small Glaisen distill

ing head and condenser, and all material which would distill 

below 3QUC at 15 mm pressure (aspirator) was stripped. This 

was done in a well operating hood in order to avoid breathing 

of benzoyl cnloride 1-cA^. 

Benzoyl peroxide was prepared from the benzoyl 

chloride i-C~4 by the method of Gambarjan,15 as quoted by 

Tobolsky and MesrobianForty ml of acetone were added to 

the flask containing the benzoyl chloride 1-C1̂  prepared as 

above- This mixture was slowly added to a stirred solution 

of 8 g of sodius peroxide in 80 ml of ice water, with occa

sional further addition of ice. Benzoyl peroxide l-C14 

separated. This was filtered the next day and recrystallized 

from chloroform ana Skelly B (petroleum ether, boiling point 

60-70uC) by dissolving it in minimum amount of cnloroform and 

pouring this solution into three or four times its volume of 

Skelly 3. with stirring. The yield of benzoyl peroxide 1-0^' 

was 4 g. Titration with sodium thiosulfate by the method of 

16S- Gaaaarjan, Ber., 42, 4004 (1909). 

V. Tobolsky and R. B. Mesrobian, "Organic Peroxides, 
Interscience Publishers, Inc., New lork, Y., 1954, p. 38. 
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17 Kokatnur and Jelling, which involves the use of isopropyl 

alconol for a solvent, indicated 95,% purity. The material 

was recrystallized from chloroform and Skelly B once more. 

Titration indicated that tne peroxide content of this sample 

was S8.3,yb. and tne material was used directly in the reactions 

with toluene. The ultimate yield of benzoyl peroxide 1-G 4̂ 

was 5 g. Acidification of the aqueous solution from the 

preparation precipitated benzoic acid. Evaporation of the 

motner liquor from the recrystall!zation of the peroxide led 

to a residue, probably containing more peroxide. The benzoic 

acid and the residue were reserved. The activity of the 

benzoyl peroxide i-C^* was found to be within 2% of twice 

that observed for the benzoic acid 1-G14. 

14 The reaction of benzoyl peroxide 1-C with toluene 

The following is a description of the general technique 

used in each run. Benzoyl peroxide l-cA~ ".vas weighed into a 

reaction vessel with a constricted neck and a small, sealed 

side arm. The amount of peroxide used in a-1 runs was 

approximately 150 mg. Toluene was added through the con

stricted neck from pipettes. As it was added, the stream 

was directed in such a fashion that all of the inner surface 

of the neck was washed down thoroughly. The amount of 

R. Kokatnur and M • Jellins, J. Am. Oh en. Soc. , 63, 
1432 (1941). 
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toluene used. >:&e such as to result in a solution of approxi-

mately 10"!%, 10"%, 3 x 10'^M, or 10^M. The flask was then 

attached to a vacuum system by means of a rubber stopper and 

cooled in a dry Ice-trichioroethylene bath for at least 15 

minutes before evacuation was begun. It was then evacuated 

to at least 0.5 zz and flushed with nitrogen. "Prepurified11 

nitrogen (Matneson18) was further purified by passing it 

through s series of gas wasn bottles containing Fieser's 

solution,"^ concentrated sulfuric acid, and lead, acetate, and 

through a drying tower containing sodium hydroxide and cal

cium chloride. Tne evacuation and flushing procedure was 

repeated twice and the reaction vessel was sealed off under 

reduced pressure. After the vessel and its contents had 

warmed to room temperature, it was placed in an oil bath 

maintained at SO". The reaction was allowed to proceed at 

this temperature for 3 days. The half life of benzoyl perox

ide in toluene at this temperature (based on the unimolecular 

rate constant of Eozaki and Bartlett 0̂) is about 6 hours. 

Three days represents, then, at least 12 half lives, indi

cating that not sore than 0.02$ of the original peroxide 

remained. The actual amount remaining after 3 days is less 

iSThe Kathsson Company, Inc., Joliet, III. 

-*-®L. J. Fieser, OJD. cit. , p. 2.99. 

20K. Nozakl and p. D• Bartlett, J. Am- Chez. Soc., 68, 
1686 (1946;. 
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than 0.02/& because some of the peroxide decomposes in radical 

induced reactionsThe reaction vessel was then allowed 

to cool to room temperature• The small side arm was broken 

to release tne pressure of carbon dioxide which built up 

during the reaction# and the top of the flask was cut off 

by scratching the neck with a file and touching a hot glass 

rod to the scratch. The contents of the vessel were poured 

into a clean volumetric flask (1000 ml if the run was 10-5M, 

260 ml if 3 x 10~3M, 100 ml if 10"2M, or 25 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 

thoroughly mixed. The run was separated into three portions 

of approximately equal sise•by pipetting two portions into 

Erlenmeyer flasks and leaving the third portion in the volu

metric flask. p-MethyIbipheny 1 (approximately 50 mg) was 

weighed into one of the flasks and washed into the solution 

with Skelly g- Tne contents were mixed by swirling. The 

remaining two portions, were reserved for use in case of 

accidental invalidation of the results of the first or for 

use later in tne estimation of m- or o-methylbiphenyl. The 

solution was allowed to stand in contact with sodium car

bonate for et least 4 fours in order to remove carboxylic 

acids. It was tnen placed in a pear shaped distilling flask 

of the proper size fitted with a side arm for a capillary 

bubbler, and as such of the liquid as possible was distilled 
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at about £5 mm pressure through a small (30 cm high) vacuum 

jacketed column containing a glass spiral. The residue was 

dissolved in as small as possible volume of Skelly B which 

had been purified by washing with sulfuric acid, treating 

with alkaline permanganate, washing with distilled water, 

urying over magnesium sulfate, and distilling. The result

ing solution was chromatographed on 4 g of neutral alumina 

in order to remove esters. The first 25 ml of Skelly B 

eluent were collected in a 50 ml round bottomed centrifuge 

tube. The solvent was removed by impinging a stream of air 

on it while warming gently over a heating mantle - The residue 

was dissolved in 1-2 ml of glacial acetic acid• The centri

fuge tube was then placed in a water bath maintained (on a 

hot plate) at approximately 45°C. Two ml of a chromic acid 

oxidizing solution (a solution of 35 g chromium trioxide in 

a mixture of 80 ml water, 130 ml acetic acid, and 25 ml con-

centrated sulfuric- acid " ) were added and re act ion was allowed 

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

of water were added. precipitating the solids, including the 

desired product, p-phenylbenzoic acid. The solids were 

washed several times with water to remove most of the 

chromium salts. The liquid and solid layer were separated 

by centrifugatlon followed by removal of the liquid by means 

- A. Shirley^ "Preparation of Organic Intermediates," 
Jonn Alley and Sons, Inc., Hew York, N• Y., 1951, p. 30-
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of a capillary pipette. Frequently the solid floated on the 

surface of the liquid after centrifugation, or part floated 

and part went to the bottom of the tube. The residue was 

then treated with two 5 or 6 ml portions of potassium 

hydroxide in order to extract the acids present - A small 

wad of cottom was dropped into the tube and the residue 

thoroughly triturated with the basic solution by swabbing 

the cotton wad «.round the sides of the tube and into the 

bottom. The basic solution was separated from the residue 

by inserting the tip of a capillary pipette into the wad of 

cotton, thus using it for a filter. The basic solution was 

transferred to a 15 ml conical centrifuge and acidified with 

concentrated hydrochloric acid, precipitating the organic 

acids. These were separated by centrifugation and washed 

several times with water. The acids were treated with about 

2 ml of ether ( terephthalic acid, one of the by—products of 

the reaction, is not soluble in ether) and the ether solution 

separated with a capillary pipette and placed in another 15 

nil centrigue cone. The ether was evaporated by impinging air-

on its surface. The residue was dissolved in about 2 ml of 

ethyl alcohol, water was added until a heavy precipitate 

formed, and the mixture was heated to boiling over a heating 

mantle. It was found that bumping could be prevented by 

letting a stirring rod of just smaller size than the bottom 

of the cone rest In 1% during "She heating. The alcohol and 
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water were adjusted so that the material Just dissolved at 

tne boiling temperature. In some cases a yellow gum formed 

wnich would not dissolve. As much of this as possible was 

removed with the stirring rod. Tne solution was cooled slow

ly and p-phenylbenzoic acid crystallized. The product was 

separated by centrifugation and dried in the cone in a vacuum 

desiccator- A piece of pyrex tubing about 2 feet long and 

Just large enough for the cer&rifuge cone to slip into was 

sealed at one end and the cone inserted. The tubing was 

tilted so that the cone fell to the sealed end and a. vacuum 

pump was attached by means of a rubber stopper to the open 

end. The closed end was inserted into a warm combustion 

furnace. The pump was started and the p-phenylbenzoic acid 

sublimed to a region of the glass tube just outside the fur

nace. The sublimation was repeated once or twice by insert

ing the tube fur tne r into the furnace • The furnace was re

moved and the tube allowed to cool. The tube was sealed off 

about 2 inches on each side of the region containing the sub

limate. The material was stored in this form until just befor 

its activity was determined. At this time, the tube was cut 

off on one side of the sublimate and drawn into a. funnel on 

the other. The p-phenylbenzoic acid was washed into a fresh 

15 ml centrigue cone with a fine stream of ether, which we s 

then evaporated as before. Enough of the p-phenylcenzoic 

acid for a radi©analysis was weighed into a combustion tube-
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The sublimation process vs..s repeated, each sample being sub

limed. three or four Zi-.es, and that portion of the sublima

tion tube from which the sample was sublimed being sealed 

off between sublima tier, s. Samples were removed for radio-

analysis by scraping tr.es from the surface of the tube with 

a nickel spatula- Tne sublimation process was then again 

repeated, four or five tlaes, in the same manner. 

Microscope hot plate melting points were taken on the 

samples used for carbon and radioanalyses. It should be 

noted that the melting points observed were quite variable, 

even within one sample - 2ae larger aggregates of crystals 

tended to melt much loirer than single crystals or smaller 

aggregates. In one case a microscope melting point of 210-

222°0 was obtained, mil5 the same sample was observed to 

melt at 21? •5-218.5°C (uncorrected) in a sealed capillary 

22 (Hershberg melting point apparatus). In another case the 

opposite effect was obtained, the capillary melting point 

being lower. Since the p-phenylbenzoic acid tends to sublime 

readily above 195°, it *e= difficult to follow single crystal 

as the plate was warmed up. In general, smaller aggregates 

were reduced even further in size by the time the melting 

point was reached, and these were chosen for melting point 

D - Cheronis, iiicro and Semi micro Methods, - vol - VI 
of A- Weissberger, "Tec™!cue of Organic Chemistry, a Inter-
science Publishers, Inc., Heir York, N. Y., 1954, p. 145. 
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data wherever possible. It should be noted that the melting 

points of the material used in the first series of radio-

analyses were taxen, in general, on larger aggregates than 

those used in the second and third series of radioanalysee. 

There are indications that the sublimation process did not 

purify the p-phenylbenzoic acid in all cases. A capillary 

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

15-A used for the tnird series of radioanalyses was 208-214°C. 

Sufficient material for capillary melting points on the other 

runs was not at hand. It is apparent, however, that the 

melting points in most cases did improve with sublimation, 

indicating purifie ation. 

In order to avoid cross contamination of the runs, the 

following procedures were adopted. Centrifuge tubes and 

volumetric flasks were used once only and set aside. A 

fresh stirring rod was used in connection with each run and 

discarded after use. Capillary pipettes were discarded after 

one use. Acetone was refluxed through the distilling column 

for at least 1 hour after each use- Distilling flasks and 

capillary bubblers were cleaned in chromic acid cleaning 

solution after each use. 

The determination of carbon and its radioactivity 

--  ̂

Tne benzoic acid 1-G"L~ from which the benzoyl peroxide 

1-C14 was made, the benzoyl peroxide 1-C^, and the p-



www.manaraa.com

<cu 

pnenylbensolc acid isolated from each run were analyzed for 

carbon and its radio activity by the method of Van Slyke and 

co-workers*^' £5,26e manometric apparatus used was a 

commercial^ one with a magnetic stirrer. The connecting tube 

tube ( joining the combustion tube and the apparatus) was re

ceived fitted with a hemispherical Joint, cut this was found 

to be a source of leakage, ana was removed. The connection 

was made witn a piece of rubber vacuum tubing. As recommend

ed, the joint and stopcock on the combustion tube and con

necting piece were lubricated with syrupy phosphoric acid. 

28 
Apiezon M grease was used on other joints and stopcocks on 

the system. The procedure followed was that given by Van 

Slyke and co-workers in the papers cited above. The procedure 

is also given (up to the reading of P^, the pressure of carbon 

D. Van Slyke and J. Folch, J. Biol. Chem., 136, 
509 (1940). ~ 

24D. D. Van Slyke, J. Plazin, and J. R. Weisiger, ibid., 
191, 299 (1951). 

• D. Van Slyke. R. Steele, and J, Plazin, ibid., 192, 
769 (1951). ' 

2-F. M. S in ex, J. Plazin, D- Clareus, W- Bernstein, D. 
D• Van Slyke, and R. Chase, ibid., 215, 673 (1955). 

2?A. K* Thomas Company, 230-2-4 South 7th Street, Phila
delphia 5, Pa. 

J• G- Biddle Comnany, 1513 Arch Street, Philadelphia 
/, fa. 
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dioxide plus a small amount of foreign gases) by Steyermark-^® 

There are several possible minor variations in the procedure 

developed by Van Slyke and co-workers. The modifications 

used will be pointed out here. The reagents were prepared 

P4-
according to Van Slyke, irlazin, and Weisiger-"" The amounts 

used and general procedure followed were tnose for "micro

analyses." All utensils used for delivering reagents to the 

apparatus were kept covered except when in use» The air free 

lactic acid was stored in the container described by Van 

Slyke, Steele, and Plaain.» ~ It was delivered to the appa

ratus by running about 2 milliliters into the cup in such a 

fashion that it did not fall through the air, then admitting 

the lower 1 milliliter only to the apparatus. The gas pha.se 

proportional counting procedure used was that described by 

Van Slyke, Steele, and Plazin 5̂ as modified by Sinex, et al.26 

The scaler employed was a Kuclear Instrument and Chemical 

Corporation Model 152.°" Although this instrument incor

porates an amplifier for use in proportional counting, it was 

not found to be of sufficient sensitivity. Moreover, over

loading from large pulses resulted in spurious counts. 

Accordingly, an amplifier-discriminator of the type described 

29a. Steyersark, *Quantitative Organic Microanalysis,u 
The Blakiston Company, Ne» Ysra, M- Y., 1951, p. 251. 

3°Nuclear Instrument and Chemical Corporation (Nuclear-
Chicago), 225 West Erie Street, Chicago 10, 111. 
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by Sinex, e_t alwas employed. A catnode follower was 

added to the system in order that fairly long connecting 

cables could ce used - The units were connected to the 110 V 

line through an isolation transformer. The high, voltage 

supply used was tna.t of tne scaler- A circuit diagram is 

on file with the Instrumentation Group of the Ames Laboratory 

of tne Atomic Energy Commission, Iowa State College, as draw

ing MF-60, "Non-Overloading Pulse Amplifier.u 

Table 1 tabulates counting rate versus voltage for a 

number of discriminator settings for a moderately active 

sample. The discriminator dial was not calibrated, so the 

figures have nothing cut relative significance. The same 

tube was employed for all counts. The counting was done at 

2000 V with a discriminator setting of 60. It was demon

strated that a second tube counted essentially the same back

ground as the one used for the active samples- Counter tube 

#1 showed a background counting rate of 93+2 c/min while 

counter tube #5 showed a background of 98+2 c/min. Back

ground was counted alternately with the two tubes for a total 

time of 66 minutes . This tube was filled with counting gas 

and an inactive carbon dioxide sample and used to count back

ground only for all counts. The counting gas used was 30,5 

argon-10# metnsne, costs only called p-10, supplied by Mathe-
n a 

son.-1-1-' 

Since the procedure and the modifications mentioned 
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Table 1. Plat eau characterI sties of counter tube #lai'D 

Da 
Voltage c 

Da 16U0 1700 1800 1900 2000 2100 2200 

5 117 798 2610 

10 708 1415 2049 2305 2375 2510 4818 

25 1825 2232 2341 2412 2498 2515 4740 

35 1989 2322 2399 2470 2525 2598 7939 

60 2232 2365 2442 2460 2498 2596 5579 

80 2270 2415 2469 2460 2578 2623 4290 

96 2334 2418 2346 2497 2550 2641 4017 

^Counter tube #1 was used for counting all active 
samples in this work. It vas operated at a discriminator 
setting of 60 and a voltage of 2000. 

bThe figures in the table are counts per minute for the 
same sample-

cVoltage applied to the counter tube-

^Discriminator setting. This dial is calibrated from 
0 to 100, but the figures nave no absolute meaning. As the 
figure increases, the voltage of the lowest pulse the system 
will count decreases, 1-&', the system discriminates at low 
pulse heights when D is large -

above, except for the addition of the cathode follower, are 

described fully in the sources cited, it will not be given 

in detail here- However, the following is the general pro

cedure- The compound Is weighed into a combustion tube with 

a microbalance. The weighing is by difference using s sssll 

aluminum, scoop or porcelain boat - The amount of carbon in 
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the sample is generally 2-3 m g for "microanalyses." The 

combustion tube is attached to xhe apparatus and most of the 

air expelled from the system. An alkaline hydrazine solution 

is introduced into the manoraetric chamber and the combustion 

perrormed, The carbon dioxide evolved from the sample is 

adsorbed by the alkaline hydrazine. The combustion tube is 

disconnected and the unabsorbed gases expelled. Air free 

lactic acid is admitted to the manometric chamber in order to 

liberate the carbon dioxide. ?]_ is read. The carbon dioxide 

is then distilled into a counter tube which has been evacuated 

to 0.3 mm or less. Condensation is accomplished by immersing 

the end of the counter tube in liquid nitrogen. Tne counter 

tube is disconnected and Fg (pressure after removal of carbon 

dioxide) is read» The difference P^-Pg is taken to be the 

pressure of the carbon 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 tabulated 

by Van Slyke and Folch~3 to yield milligrams of carbon. 

— 23 
Van Slyke and i'olch recommend that known s be run on 

systems which may not be exactly calibrated snd the resulting 

theoretical factor be used for subsequent analyses. This 

procedure was followed here, since the calibrated chamber 

was broken in cleaning the apparatus at one time. The re

sults of some analyses of knowns are given in Table 2- The 

factors calculated from these are given in Table -3. 
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Table 2- Van Slyke manome'rlc analysis of known pure 
compounds 

Compound ( theoretical) (found)a 
Correction 
factor 

Potassium ecid 
Dnthalatec 

Benzoic acid0 

1 
2 

1 
P 

47.05 
47.05 

SÔ.B5 

45.72 
45.51 

66.70 
66.50 

1.029 
1.016 

1.032 
1.0-35 

Average 1.028 

Calculated using the fsstors of Van Slyke and Foich 

-"Primary Standards grace. 

cRecrystallized twice from water. 

25 

Table 3. Corrected Van Slyke manometric factors 

T(°C) Factor 

20 0.007149 
HI 7116 
22 7083 
23 7051 

24 7019 
25 6988 
26 6959 
27 6929 

28 6899 
29 6670 
50 6841 
51 6814 

32 6786 
33 6759 
34 6732 
35 6706 
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After the counter tube has -warmed to near room tempera

ture, it is filled to atmospheric pressure with P-10• It is 

tnen ready for counting. 

Statistical treatment of radiochemical data 

Since the disintegrations of radioactive nucleii appear 

to be random, it is proper to treat data obtained by counting 

tnese disintegrations by statistical methods. The following 

is a summary of the methods conventionally used by radio-

chemists . A discussion of this topic is given, for example, 
X-i 

by Friedlander and KennedyThe reader is referred to that 

text for derivation of formulae and elaboration on the ideas 

presented here, 

The standard deviation is a measure of the degree of 

internal agreement among a set of measurements. If this set 

is averaged, then the standard deviation gives a measure of 

the precision of the measurement - It is found that the ex

pected standard deviation of a measurement of the number of 

radioactive disintegrations occurring in a given time interval 

is the square root of the number of disintegrations counted 

if that number is large. Counting rates are generally pre

sented as tne observed rate -r the expected standard deviation. 

—G-. Fri edland er and J * ¥ - Kennedy, B Nuclear- and Radie— 
chemistry." John Wiley & Sons, Inc., Mew York, M. Y., 1955, 
p. 252. 
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o n  

This convention is followed in presenting the data given 

here. If a measurement is divided by a constant, both the 

observed figure and the standard deviation are divided by 

the same constant. If two counting rates are added (or sub

tracted) une standard deviation of the sum (or difference) 

is the square root of the sua of the squares of the standard 

deviations of original rates- If the standard deviation for 

each of two rates to be multiplied (or divided) is on the 

order of 1# of the counting rate, then the standard deviation 

of the product (or quotient) is on the order of 1-4^ of the 

product (or quotient). If the distribution law of a series 

of events is known, then the standard deviations of measure

ments of these events can be given a concrete significance. 

Using the Gaussian distribution for radiochemical disintegra

tions leads to the conclusion that the probability that the 

actual error in a measurement is greater than the standard 

deviation is 0.52- Similarly, the probability that the 

actual error in the measurement is greater than three times 

the standard deviation is 0.0027. Thus, if the standard 

deviation is about 1.4^ of the rate measured, then the prob

ability that the measurement is less than 4.2^ in error is 

0.9973. The probability that the measurement is less than 

1.4/6 in error is 0.68. All the counting rates measured In 

this work were measured in such a fashion tnat the standard 

deviation was on the order of 1% of the observed rate. 2hus, 
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trie above statistical considerations apply to all derived 

data given in Table 4. Standard deviations are given in 

Table 4, therefore, only for directly observed data. 

32 
Bleuler and Goldsmitn give a formula for the most 

efficient partitioning of counting time between background 

counting and sample counting. Generally, this formula was 

followed approximately. In addition, for samples which it was 

necessary to count for more than 10 minutes, background was 

counted for a short time (usually 10 minutes), then sample 

was counted for a similar time, then background and sample 

alternately until the count was finished. In this manner 

errors due to actual variations in the background during the 

counting period were minimized. 

The calculation of the yields of -p-methylbiphenyl 

The active benzoic acid used in these experiments was 

ring labeled * Since the p-methylbiphenyl formed consists of 

a phenyl group from the original benzoic acid and a p-tolyl 

group from the solvent, which was inactive toluene, the 

specific activity of the p—methylbiphenyl is the same (on a 

molar basis) as the benzoic acid from which it was made, 

1820 c/min/yy mole. The p-aethylbiphenyl was not- isolated 

directly, however, it was converted to p-phenylbenzoic acid 

52£. Bleuer and G-. J. Goldsmith, "Experimental Nucle
onics, Rinehart & Corp any, Inc., New York, K. Y-, 1952, 
p. 66. 
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Table 4. Summary of data on the reaction of benzoyl peroxide with toluene 

Run& Cone .b 0° 
(moles/1) (/<moles) (/(moles) 

Count 
rate® 

(c/mln) 
B* 

j//moles ) 
Bg 

(c/min/ 
yUmole) 

C arbon^ 
(%) 

y1 

(^) 
Mpj 

(°C) 

4A-1 
-2 
— 0 

lo-i 235.5 221.5 2212+13 
678+ 8 
258+ 4 

13.60 
5.00 
1.98 

163+1.0 
116+1.6 
130+2.0 

76.18 
78.83 
76.27 

10.5 
7.2 
8.1 

205-214 
216-218 

UpA'-I 
"• tl 
" 

icrl 307.6 830,0 2460+23 
1164^18 
1668^14 

18.74 
12.29 ' 
11,78 

131+1.2 
94,8+1.0 
13^-1.2 

74.76 
80. 
79.18 

10.4 
7,4 

10.5 

210-222 

(:!15) 

&The second number refers to the series of the analysis, i.e. , whether the 
sample has been subjected to one, two, or three sets of sublimations. 

^Concentration of benzoyl peroxide 1-G^ tit the beginning of the reaction. 

'3Amount of carrier, inert p-methylbiphenyl, added before the reaction mixture 
was worked up. 

dAmount of benzoyl peroxide used in the reaction. 

^Counting rate for the sample taken for radloanalysls. 

£Amount of sample of p-phenylbenzoic acid taken for carbon and radloanalyses. 

(•.'Specific activity of the p-phenylbenzoic acid Isolated. 

(Footnotes continued on next pnge) 
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Table 4. (Continued) 

Run Co no. 
(moles/1) 0% 

c 
moles) 

P 
{/X moles) 

Count 
rate 

(c/min) 
S 

J^moles) 
B 

(©/min/ 
/i mole) 

Carbon'1 
(# 

Y1 
(^) 

Mp' 
(OC) 

3B-1 

-5 

10~2 296.0 203.6 1260+10 
592+ 7 
207+ 3 

12.99 
7.90 
3.06 

96.3+0.8 
74.9+0.9 
67.8+1.0 

80.20 
80.08 
80.18 

8.1 
6.2 
5.6 

205-222 
220-222 
(220) 

2A-1 
O 

dxio-3 2U2.0 195.6 961+11 10.78 89.2+1.0 78.06 7.4 205-212 

-™i5 — — *** — ™ w 
— — 

1:1 Van Slyke manometric carbon analysis of the p-phenylbenzoic acid isolated. 
It wae discovered that the liquid combustion reagent used for the first series of 
analyses had deteriorated « A fresh solution was used for the second series. This, 
too, be {/an to give questionable analyses after 2 days of use, so it was replaced 
with another fresh solution. Unfortunately, no blanks were run using the second 
reagent employed. A blank was run on the third, which was made from the same 
reagents as the second. The blank was run at one temperature only. The approxima
tion was made that the blank might be considered all carbon, and the blank was 
accordingly corrected to other temperatures using the carbon factors. The theo
retical amount; of carbon for p-phenylbenzoic acid is 78.77$. 

^Yield of p»methylbipheny1 from the reaction, based on the expectation of 
getting 1 mole of p-methylbiphenyl from 1 mole of benzoyl peroxide. 

(Footnoted continued on next page) 
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Table 4. (Continued) 

Run Cone. G 
(moles/1) moles) J/1 

P 
moles) 

Count 
rate 

(c/min) 
S 

J/umoles ) 
B 

(c/min/ 
ydvmole) 

Carbon 
(%) 

y 
(# 

MP J 
(°c) 

12A-1 
-2 
-3 

oxlO-3 275.0 186.6 3956+37 
1172+14 
1353+13 

18.22 
7.89 
10.48 

217+2.0 
148+1.8 
129+1.2 

73.46 
79.65 
77.08 

20.0 
13.1 
11.5 

218-221 
216-218 
215-219 

11A-1 
-2 
-3 

10-3 269.0 188.0 1702+16 
371+ 4 
767+ 7 

17.16 
5.10 

10.21 

99.3+0.9 
72.8+0.8 
75.2+0.7 

76.82 
82.67 
66.02 

8.2 
6.0 
6.2 

218-222 
(220) 

14B-1 
-2 
~3 

10"'3 348.0 192.5 1150+13 
496+ 4 
345+ 4 

13.62 
6.78 
4.54 

84.4+1.0 
73.2+0.6 
76-0+0.9 

69.11 
79.55 
79.98 

8.8 
7.6 
7.9 

215-223 
220-222 
(220) 

J These melting pointe were made on a microscope hot plate. In addition, two 
sealed capillary melting points were made on a copious sample, ISA, and a Flaher-
Johna melting point was taken on 2A-1. 

Sealed capillary: 15A-1 217.5-218.5°C 
15A-3 208 -214 

Fiaher-Johns: 2A-1 221 
Tho values enclosed In parentheses represent temperatures at which the sample under 
observation had completely sublimed without melting. 
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after a known quantity of inactive p-methylbiphenyl had been 

added, to the final reaction mixture. If no inactive p-methyl-

bipnenyl had been added, the specific activity of the p-

phcnylbenzolc acid isolated would have been the same as that 

of the benzoic acid from which the benzoyl peroxide was made-

Thus, by measuring the specific activity of the p-pnenyl-

benzoic acid whicn was isolated. one obtains directly from 

the specific activity of the starting benzoic acid the factor 

by which the product p-methylblphenyl was diluted: 

Dilution factor = §• 
D 

where A is the specific activity of the starting benzoic acid 

(1820 e/mlnA^ mole) ; and B is the specific- activity of the 

p-phenylbenzoic acid finally isolated. The dilution factor 

can also be expressed in terms of the unknown quantity 

(X, ju. moles) of p-me thylbiphenyl which is formed in the re

action and the known quantity [01 yd moles) of inert p-methyl

biphenyl added before the mixture was worked up -

Dilution factor = ^ y ^ 

Thus, equating the wo expressions for the dilution factor 

and substituting 1820 for A, we obtain: 

x - B C 
1820 - B 

Trie percent yield of p-me thylbiphenyl from the reaction is 

obtained by dividng X by P (a moles of benzoyl peroxide used 
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ou 

in the reaction) and multiplying by 100. The percent yield 

calculated in this fashion is that based on the expectation 

of octalriing 1 mole of p-me thylbiphenyl from each mole of 

benzoyl peroxide. This convention for expressing the yield 

is followed throughout this dissertation. 

The results of these experiments are given in Table 4. 

The Reaction of Benzoyl Peroxide with 
Durene and Mesitylene 

Durene 

Eastman white label durene was recrystallized from 

ethanol and water- The melting point as determined in a 

Thlele tube was ?9-80°0 (uncorrected). 

Benzoyl peroxide 

Eastman benzoyl peroxide was recrystallized by dissolv

ing it in the least possible amount of chloroform and pouring 

the solution slowly and with vigorous stirring into Skelly A. 

The peroxide was filtered and dried under vacuum. 

Mesitylene 

Mstheson, Coleman, and Bell mesitylene was used directly. 
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Trie reaction, of benzoyl peroxide 
with durene Ft SDoroxlmetely lOC^C 

g iurene (O.Olov moles) and 0.366 g benzoyl peroxide 

mo les ] were placed in constricted tubus, evacuated 

and flushed vit.h nitrogen three times, and finally sealed off 

( f\ evil 

under vacuum - These were placed in an oven regulated to 

100+5°C• After 12 hours at this temperature the tubes were 

opened and worked up for products. 

Chromatography on an alumina column 2.5 x 50 cm gave the 

products GIT en in Table 5. 

Table 5. Chromatography of benzoyl peroxide-durene reaction 
mixture 

Fraction EXuent Melting point Amount Description 

1-4 Shelly A 0 

5-10 Shelly A 80°C Large Durene 

11 Shelly A 0 

12 Shelly A 46°C Trace A liquid which 
deposited 
crystals on 
standing 

13 Shelly A 0 

1 A. y 
ienzene 1S5-12SQC 0-221 g y/hlte crystals 

with faint 
bluish cast 

-z ene Indefinite Traces 
inylene gum 
L.nloride 
\'ZlS.ZIO\L 
rtic acid 
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Fraction 14 of the above chromatography we s recrystal-

11 r. ed fro a etnsnol end water. It wrs then sublimed and dried 

in s. drying pistol over P2O5 • The following properties were 

observed: 

Melting point - 151-1Ô2.5°C (uncorrected). 

Solubility - The compound was insoluble in water, 5% 

aqueous hydrochloric acid. b% aqueous sodium hydrox

ide, concentrated sulfuric acid, and syrupy phos

phoric acid. This places the compound in solubil

ity class I of Shriner, Fuson, and Curtin's scheme 

3-3 
of analysis. ' In view of the reaction this com

pound is probably a hydrocarbon. 

Infrared spectrum - The infrared spectrum in carbon 

disulfide showed no csrbonyl band, indicating that 

the compound must be derived from phenyl radicals 

and/or durene. The spectrum showed an overall 

resemblance to that of durene. 

Elementary analysis - A sample of the compound was sent 

to («eller Laboratories of Hackensacli, New Jersey 

for an elementary analysis. The results are given 

in Table 5 together with the theoretical analyses 

for two of the most likely suspects. The analysis 

ao?.. L • Shriner, R. C • Fuson, and D. Y. Curtin, "The 
Systematic Identification of Organic Compounds," 4th ed., 
Jonn alley and Sons, Inc., Hew York, i". Y., IS 56, p. 64. 
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Table 5• Carbon analyses of unknown compound and suspects 

Compound 
Carbon 

5, 5- te'ûrsmethylblphenyl 91.43 8.57 

2,21,4,4' , 5,51 -hexamethylbibenzyl 90.1? 9.83 

Unknown 89.97 S .85 

corresponds very closely to the theoretical one 

for 2,2' ,4,4' , 5, 5'-hexajnethylbibenzyl. The other 

data are also consistent with this identification. 

Fractions 5-10 were combined and sublimed at atmospheric 

pressure. The sublimation was interrupted before it was com

pleted End infrared spectra of the sublimate and the residue 

were made. Mo distinctive differences between the spectra 

could be seen. Anomalously, both showed a carbonyl band, 

5-60//' Otherwise, they were durene spectra. Since the 

solvent used for combination of the fractions was acetone, 

perhaps the carbonyl band is due to traces of unremoved 

acetone -

Other reactions were carried out in exactly the same 

fashion and were analyzed for carbon dioxide and acids as 

f GllûsiS ; 

Oarbon dioxide - Nitrogen was passed through tubes con

taining asearite and anhyarone into a thick walled 
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suction flask containing the unbroken reaction 

ampule, through two more absorption tubes contain

ing ascarite, and finally through a bubbler tube 

containing sulfuric acid» After 20 minutes of 

flushing the system in this manner, the connecting 

tubes to the absorption tubes between the flask and 

the bubbler were pinched off with clamps. The 

absorption tubes were removed, weighed, and re

placed in the system. Die reaction ampules were 

then broken by vigorously shaking the suction flask. 

Nitrogen was passed through the system for 30 min

utes to an hour. The absorption tubes were then 

reweighed, the difference being taken as carbon 

dioxide. 

Acids - The acids were titrated with 0.1052 N aqueous 

base in the suctions flask used in the carbon 

dioxide measurement. The contents of the flask 

were first dissolved in Skelly A and the titrations 

were done heter-ogeneously with vigorous shaking. 

Phenolphthalein was used as the indicator. The 

acid measured is taken to be benzoic acid. An 

experiment described below confirms this. The 

results of the carbon dioxide and benzoic acid 

determinations are given in Table ?. The confi

dence placed in the carbon dioxide determinations 
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is not high, since durene is relatively volatile 

and could possibly also have deposited in the 

ascarite tubes - Nevertheless, two determinations 

gave, good agreement in both acid titre and carbon 

dioxide. A third gave a lower acid titre and a 

lower carbon dioxide analysis. It is not included 

in Table 7. 

Table 7» Products of the reactions of benzoyl peroxide with 
durene and mesitylene 

Temperature 
Solvent (°G) 

Durene 100?5 

89 

Mesitylene 89 

Moles of 
solvent 

0.0150 

0.0150 

0.0300 

0.0718 
0.0288 

Yields5'13 
Carbon Benzoic 
dioxide acid 

61.6 99.8 
61.0 100 .4 

— — 129.6 
28.6 129.6 
27.2 — — 

27.2 132.8 
33.2 127.4 

99.4 87.8 
102.4 88.6 

"•Percent yields based on the expectation of 1 mole of 
carbon dioxide or 1 mole of benzoic acid per mole of benzoyl 
peroxide. 

D'Ihe yield of 2,2! ,4,4' ,5,5'-hexametnylbibenzyl, based 
or. the expectation of 1 mole per mole of benzoyl peroxide, 
vas 55% (crude weight) when the reaction was carried out at 
approximately 100UG. 



www.manaraa.com

In one instance the Skelly A solution of the reaction 

mixture was separated after titration with case and dried 

over calcium chloride. The Skelly A was then evaporated ana 

infrared spectrum of the residue obtained. This spectrum 

showed a carbonyl peak at 5.83// with a shoulder at o.SC">ju. . 

The residue was then triturated with concentrated sulfuric 

acid and the mixture poured into water. The water was ex

tracted with ether. Extraction of the ether with 5% aqueous 

base was followed by saturating the basic solution with carbon 

dioxide- The ether layer was evaporated and an infrared 

spectrum of the residue made. The carbonyl peak at 5.83/t 

had disappeared, but the shoulder at 5.8ŒW remained. The 

resultant aqueous solution was then extracted with ether and 

the ether evaporated, yielding no material. The aqueous 

basic solution was then neutralized and extracted with ether. 

Evaporation of this ether layer also led to no material. 

It is probable that this treatment would not lead to recovery 

of such water soluble compounds as benzoic acid when the quan

tities present were so small. The infrared spectra indicate 

the presence of two carbonyl compounds one of which is re

moved by the treatment cescribed. The most likely carbonyl 

compounds resulting from reactions of benzoyl peroxide with 

hydrocarbons are esters. The probable ester products of this 

reaction are phenyl benzoate, 2,3,5,6-tetramethylphenyl ben

zoate (duryi benzoate), and 2,4,5-trimethylhenzyl benzoate-
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The reaction of benzoyl peroxide 
witn durene at SS-^'C 

Special ampules fitted with two inlets containing "Break-

off sky " seals xvere used as reactions vessels. Durene and 

benzoyl peroxide were introduced into the ampules, they were 

evacuated and flushed with nitrogen three times end sealed 

under vacuum. The amount of benzoyl peroxide used was always 

0.-366 g (0-00151 moles). The amount of durene used was 8.00 

g (0-0150 moles) except in one case in which 4-00 g (0.030 

moles) were used - The ampules were placed in an oil bath 

maintained at 83°C. After 2 days they were removed and in

serted in a system including the same features as the one 

already described plus a dry ice-acetone trap between the re

action vessel and the absorption tubes. U-tubes with stop

cocks were used for absorption tubes. All connecting tubes 

of the system were flushed with nitrogen before the analysis 

was begun. The ascarite u-tubes were fitted with stopcocks 

wnich could be opened and closed to regulate the flow of 

gases through them. After flushing the sysiez well with 

nitrogen the ascarite absorption tubes were weighed and re

inserted into the system. The "Breakoffskya seals were 

broken by raising small magnets which had been inserted above 

the seals before tne ampules were put into the system, and 

dropping these on the seals. Nitrogen was then passed through 

the system for 20 minutes or more• The ascarite tubes were 
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reweighed. Further flushing with nitrogen was found in all 

oases to produce small variable changes in the weight of the 

tubes. These changes were present even when the gases being 

flushed through the system by-passed the reaction vessel-

Since they were variable, no blank correction could be sade. 

The variations were usually within 5% of the total weight 

change in actual runs. This would lead to a 2-5% difference 

in the percent yield of carbon dioxide from the reactions. 

This is the magnitude of the probable error in these zeapure

ments. It is thought that the small variable weight differ

ences might be due to variations in the amount of surface 

moisture absorbed, since these tubes have quite a large sur

face . After the carbon dioxide measurement was completed, 

the ampules were removed from the system and opened - The 

contents were washed into a flask with Skelly A for titration 

of acids. The acids were titrated as before. The results 

of these analyses are presented in Table 7. The basic solu

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 recrystal

lization from water. The infrared spectra of both the crude 

and recrystallized material were identical with that of ben

zoic acid. 
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The reaction of benzoyl peroxide 
witn mesitylene at 89°C 

The procedure used here was exactly the same as that for 

the reaction of benzoyl peroxide with durene at 89 °C. The 

results of the carbon dioxide and benzoic acid analyses ere 

given in Table 7. 

Miscellaneous Experiments 

The reaction of N-nltrosoacetanlllde 
with benzene and iodine 

N-nitrosoaoetanilide was prepared by bubbling nitrogen 

dioxide through a solution of 5 g of acetanilide in 25 ml of 

34 
glacial acetic acid until the solution turned dark green. 

The solution was maintained at 5"C or below throughout the 

operation. The solution was then poured into 25 ml of ice 

and water, precipitating the H-nitrosoacetanilide. The yield 

was 2.74 g. 

Next 2.24 g of N-ni tro s o ac et anilid e (0.0136 moles) and 

4.34 g of iodine (0.0171 moles) were placed in = 100 ml 

round bottomed flask with 75 ml of benzene. The benzene had 

been purified by washing with concentrated sulfuric acid 

until no yellow color developed on treatment with more sul

furic acid until no yellow color developed on treatment with 

^-V,". S. M. Grieve and B, H. Hey, J • Chem- Soc. , 1757 
(1954). -
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more sulfuric acid, then distilling through a column packed 

with nichrome wire. Tne flask was kept in a dry ice-acetone 

bath until the contents had been degassed by evacuating and 

flushing three times with nitrogen. The flask was then 

warmed to room temperature and the contents dissolved by 

shaking. The reaction mixture was kept under a positive 

pressure of nitrogen at all times. After the mixture had 

ceen at room temperature for IE hours, it was refluxed for 

1 hour. The mixture was washed with distilled water, then 

with basic sodium thiosulfate solution, and finally with dis

tilled water. The benzene was distilled through a nichrome 

packed column and the column washed down with Skelly A. The 

residue was chromatographed on a 1 inch x 15 inch alumina 

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

mixed with chloroform and treated with chlorine.55 A yellow 

solid which decomposed at 122-123°C (uncorrected) was ob

tained. Nichol and Sandin give 12Q-121°C as the decomposi

tion point for phenyliodosochloride• Thus, the presence of 

ioaobenzene is indicated. A total of 1.25 g of phenyliodo

sochloride was isolated- This corresponds to a -33.4% yield 

of iodobenzene. It is not believed, however, that the 

formation and isolation of the phenyliodosochloride is 

quantitative. 

- C. Mi chol and R. B. Sandin, J. Am. Chez.. Soc-, 67, 
1307 (1945). 
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A later fraction eluted by Skelly A deposited a white 

solid on evaporation of one solvent. The material was sub

limed . The melting point of the sublimed material was 

ôô-69°C (uncorrected), and a mixed melting point with biphenyl 

yas 67-7Q°G îuncorrected; lit.36, 69-70°C)- Furthermore, the 

infrared spectrum of the material was identical with that of 

an authentic sample of biphenyl. The yield of biphenyl was 

about 1/6 in another similar experiment. 

Later fractions eluted with Skelly A showed a pale yellow 

color. Evaporation of the solvent from these led to a deep 

yellow-orange solid. It was sublimed and blotted dry. Its 

melting point was 64-66°C (uncorrected; lit for azoben-

zene, 68°C). The infrared spectrum (Perkin Elmer potassium 

bromide pellet) was identical with that of an authentic sam

ple of azobenzene. The total yield of ascbenzeae was 0.035 

g ( about 1. 5>) -

The reaction of phenylazotriphen.ylmethane 
with benzene in the presence of added trlphenylmethyl 

Triphenyline thy 1 was prepared under nitrogen from 8 g of 

trlphenylme thyl chloride and 30 g of mercury in 50 ml of ben-

38 
zene by the method of Hammond, Raave, and Hodic- The 

3%. A. Lange, "Handbook of Chemistry." 6th ed.. Hand
book Publishers, Inc., Sandusky, Ohio, 1945, p. 472. 

- A• ÀiGuigëj ibid. i p. Oo4• 

S - Hammond, A- Raave, and F. Hodic, Anal. Chem., 
24, 1373 (1952). 
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apparatus used was the double flask described by these 

authors- In the loce of the flask into which the triphenyl

methyl solution was to be filtered was placed 100 ml of ben

zene and 3-60 g of phenylasotriphenylmethane, which was pre

pared by the method of Cohen and V/ang.3^ The entire system 

was kept under nitrogen throughout the experiment- The lobe 

of the flask containing the phenylszotriphenylmethane was 

kept immersed in a dry ice-acetone bath curing the entire 

period in which the triphenylmethyl was being prepared. 

When the preparation of the triphenylmethyl was complete the 

apparatus was tipped so that the solution of triphenylmethyl 

in benzene filtered through a sintered glass disc into the 

lobe of the flask containing the phenylazotriphenylmethane. 

When the filtration was complete, the dry ice-acetone bath 

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

ture- The solution was stirred with a magnetic stirrer. It 

was allowed to remain overnight at room temperature, then 

heated for 2 hours at 70°C. The final reaction mixture was 

bright red and clear. When oxygen was bubbled through the 

mixture, the red color disappeared, but no precipitate 

formed. The benzene was distilled through a nichrome packed 

column, which was then washed down with ether. When the ether 

was distilled, a few crystals formed in the distilling flask. 

39g. G-. Cohen and C. H. Wang, J. Am. Ones. Soc. , 76, 
1425 (19^). - _ — — 
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The co lu am wss washed down with Skelly A sr. à the resulting 

residue filtered (any biphenyl on the column should come down 

with Skelly A). The precipitate was a shite solid, 0-0443 

g, melting point 85^90°C (uncorrected), nixed melting point 

w i t h  t r i p h e n y l m e t h a n e  9 0 - 9 2 ° C  ( u n c o r r e c t e d ;  l i t  - 9 5 - 4 ° C ) -

The solution was shaken with distilled «ater (to hydrolyse 

any remaining triphenylmethyl chloride) sua allowed to stand 

in contact with tine water overnight. The Skelly A solution 

was then separated, dried over magnesius sulfate, and fil

tered. Chromatography on alumina gave 1-71 g of material 

which was eluted by Skelly A, but the melting point of this 

material was not well defined (60 - greater than 100°C ). It 

was probably a mixture of hydrocarbons (biphenyl, triphenyl-

methane, and tetraphenylmethane). Since tetraphenylmethane 

is of very limited solubility in both Skelly A and ether, it 

is not likely that it was a major constituent of the mixture. 

Some te traphenylme thane was isolated, however. by treating 

the mixture with potassium dichromate and sulfuric acid, in 

the expectation of oxidising the triphenylme thane present to 

t riph eny1c arb in o1," and isolating the hydrocarbon fraction 

from the resultant mixture by chromatography on alumina. 

The yield was 0.01 g (melting point 285-£84v€, uncorrected; 

. A. Lange, 0£. cit., p. 658. 

~~C- R. Roller, "Chemistry of Organic Compounds," W- 5• 
Saunders Company, Philadelphia. Pa-, 1351, p- 541. 
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l i t f o r  t e t r a p h e n y l m e t h a n e ,  2 8 5 ° C ) .  S i n c e  t r i p h e n y l 

me thane is much more soluble in ether than tetraphenylmethane, 

it is surprising that it separated from the ether solution. 

Tnls fact may "be taken as an indication that triphenylmethane 

was formed in substantial quantity. An investigation of the 

rate of decomposition of phenylazotriphenylmethane in the 

presence of added triphenylmethyl showed that the rate is 

unaffected by the triphenylme thy1.45 

. A Lange, oj>. cit. , p. 636. 

?. Gar st and G. S. Hammond, J. Org. Che a., in press. 
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DISCUSSION 

Aromatic phenylaticns which appear to be free radical in 

character have been accomplished with benzoyl peroxide, phenyl-

azotriphenylmethane, diazonium salts in basic solutions ( Go in

to erg reaction), diazonium chlorides (thermal decomposition), 
A A 

diazonium chlorides (cuprous catalyzed decomposition;, * 

N-nitrosoacetanilide, lead tetrabenzoate, phenyl iodosoben-

zoate, l-phenyl-3,3-dialkyltriazenes, and other similar com-

2 pounds. Mono- and polysubstituted benzenes and hydrocarbons 

containing condensed ring systems can be used as the sub

strate with some success in obtaining products of phenyla-

45 
tion, though the higher molecular weight condensed systems, 

4-fi 4-7 as well as some of the substituted naphthalenestend 

to yield products of benzoyloxylation if the reaction is car

ried out with benzoyl peroxide. 

The proof that the reactions are free radical in nature 

rests largely on the facts that the orientation of the phenyl 

group entering the aromatic ring does not correspond to that 

4^S. C. Dickerman, K. Weiss, A. K. Ingberman, J. Org. 
Chem•, 21, 380 (1956). 

"îrVl. M- F.Qitt and If. A. Waters, J- Ones. See., 2695 
(1952). " 

^®R. L- Baanley and M. Gippin, J. Am. Chez. Soc., 74, 
332 (1952). 

M- Lynch and H. Pausaeker. Australian J. Çhem., 
10, 165 (1957). 
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predicted on the basis of the theory of eleetropnilic aromatic 

substitution"' ana that other; reactions, such as vinyl poly

merization, tnought to oe typically free radical in character 

49 can be initiated by many of the above mentioned reagents. 

Moreover, evidence for the free radical nature of the phenyia-

tions by any particular one of the above reagents speaks for 

the free radical nature of phenylations by all of them, for 

it has been demonstrated 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 

with a particular substrate. One would expect that differ

ences in the nature of the attacking species would be reflect

ed in the Isomer distribution, hence the attacking species 

is probably the same for all the reagents tested. Additional 

evidence for the free radical nature of the reactions of 

benzoyl peroxide00 and phenylazotriphenylmethane^"'^ Is that 

the products of these reactions can be diverted by the in

clusion of Iodine, a typical free radical scavenger, in the 

^0-. W- she land, "Resonance in Organic Chemistry, " John 
Wiley & Sons, Inc., New York, N• Y., 1955, p. 476. 

-9p. J. 71 cry, ''Principles of Polymer Chemistry,11 Cor
nell University Press, Ithaca, N- Y., 1955, p. 108. 

50q. S. Eamsonà, J. Am. Cheg. Soc., 72, 3737 (1950). 

53-R. Huisgen and H. Nakaten, Ann., 585 , 70 (1954) . 

52q. L. Bavles, D. H. Hey, and G. H. Williams, J. Ghem. 
R/v~ . &3Q? ( „ 
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reacting system, without changing the unimolecular rate at 

wnich the radical source decomposes. The products of the 

decomposition of N-nitrosoacetenilide in benzene are also 

diverted by the inclusion of iodine (see Experimental). 

The yields of biaryls from these reactions are never 

large, at least in those cases where the unsubstituted pheny 

radical is employed. Most frequently, the biar-yl amounts to 

not more than 0,5 mole per mole of phenylating agent used. 

Probably the most complete product analysis of the reaction 

between benzoyl peroxide and benzene thus far reported is 

that of Lynch and Paus acker A typical product analysis 

from one of their runs is given in Table 8. In this table 

the "first benzoic acid" is that obtained by extracting the 

reaction mixture with b% aqueous sodium bicarbonate, while 

the "second benzoic acid11 is the additional amount obtained 

by alkaline hydrolysis of the mixture. It is seen that 

benzoic acid, carbon dioxide, esters or other material 

hydrolyzable to benzoic acid, and high-boiling residue are 

the major products. The residue formation is common to the 

reactions of all the common sources of phenyl radicals with 

aromatic solvents, though the amount of residue varies some

what . Phenylazotriphenylmethane, decomposed in benzene, 

leads to biphenyl, triphenylmethane, and residue. while 

K-nitrosoacetanilide, which reacts as benzenediazcacetate, 

leads to biphenyl, acetic acid, and residue in the same 
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Table 8. Yields of products of decomposition of benzoyl 
"Deroxide in benzene (initial concentration, 
4x10-1%) at 78^C 

Product Yield (.^)^'^ 

Garb-on dioxide 

First benzoic acid 

Second benzoic acid 

Phenol 

.Biphenyl 

Quaterphenyl 

Terphenyl 

High boiling residue 

119 

45 

31 

o 

40 

2.5 

72.6 g/nole peroxide 

aThe data are those of Lynch and Pau s acker. ̂ 

^The yield is based on the expectation of 1 mole of 
product from 1 mole of. benzoyl peroxide -

solvent. These results are typical for other aromatic 

solvents except that the biaryl produced is the substituted 

bipnenyl containing one solvent residue and one phenyl group. 

The quantities of biaryl produced are generally roughly 

equivalent zo or less than the benzoic acid, srlphenylmethane, 

or acetic acid produced, as the case may be- This suggests 

that the raze of the hydrogen atom which must be lost from 

the ring in inese reactions is to combine %itn benzoyloxy, 

triphenylmetayl, and acetyloxy radicals, respectively. It 
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appears, then, that In phenylation the radicals which accept 

tne ring hydrogen atoms are always, insofar as is known, those 

which snould, on theoretical or experimental grounds, be ex

pected to be among the less reactive radicals in the solu-

53 
tion, and thus have a higher steady state concentration 

than the more reactive phenyl radicals. While this appears 

to be a. unifying principle relating all phenylations about 

which sufficient Information is known concerning the products, 

it may not be true for aromatic substitutions by other radi-
54 in 

cals, such as methyl. Pausacker has recently noted that 

the action of m- or p-nitrobenzoyl peroxide on benzene results 

in an approximately 0.90-0.94 mole per mole of peroxide yield 

of nitrobiphenyl and an equivalent yield of nitrobenzoic acid. 

Hence there is no doubt in this case at least that the fate 

of the nuclear hydrogen Is combination with the nitrobenzoyl-

oxy radical. Tne residues from the reactions of benzoyl perox

ide with aromatic solvents appear to consist largely of con

jugated unsaturated compounds. It should be noted (see Table 

8} that small amounts of phenyl benzoate, terphenyl, and 

quaterphenyl are formed when benzoyl peroxide is decomposed 

in benzene. Of particular interest is tne fact that the 

quaterphenyl yield is indicated to be somewhat greater than 

Swarc, Discussions Faraday Soc», 14, 250 (1955). 

5-I. L- Eliel, K. Rabindran, and S. H. Vilan, J. Org. 
Chem., 22, 860 (1957). 
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the terphenyl yield. 

Any mechanism for free radical aromatic phenylation 

should be able to accomodate the products summarized above 

and other outstanding features of the reaction discussed in 

the following paragraphs. Rondestvedt and Blanchard^ have 

mentioned several of these and the reader is referred to their 

paper for further discussion as well as to Augood and Williams 

Orientation in free radical phenylation of substituted 

benzenes does not lend itself to explanation by any theory 

based on tae type of considerations that explain orientation 

in electrophilic aromatic substitution. Table 9 gives some 

data on orientation in phenylation. In general, the entering 

phenyl group shows a tendency to substitute ortho to the group 

already present, Irrespective of its nature. Thus, ortho sub

stitution occurs though the extent of 48-6?» for each of the 

following substituents on benzene: nitro, fluoro, chloro, 

bromo. iodo, cyano. methyl, ethyl, phenyl, and methyl sul

fonate « In addition, it is apparent that selectivity among 

the various positions is not ss great as in electrophilic sub

stitution, where frequently the amount of substitution at 

some position is vanishingly small. 

Ortho substitution is subject to steric hindrance• 

Qualitatively this steric hindrance is similar to that ob

served in nitration. It is believed to be somewhat less 

pronounced, though, in the case of phenylation, since even 
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Table 9. Orientation anal reactivity in the phenylation of aromatic compounds 
at 80°C& 

Aromatic 
c ompound 

Ortho 
or (X 

Me ta 
or y# 

Para 
or y >b Hko(<X)° 

O
 y

>. >
 o/pd m/pa 

G0H5NO2 58 10 32 4.00 6.86 1.20 7.68 1.81 0.31 

C5H6N 68 28 14 1.04 1.81 0.87 0.87 4.146 2.00: 

OQH&F 54.1 30*7 15.2 1.35 2.19 1.50 1.23 3.56 2.02 

C0H5CI 60.3 25.9 13.8 1.44 2.60 1.12 1.19 4.37 1.88 

GgHaBr 49.3 33,3 17.4 1.75 2.09 1.80 1.83 2.83 1.91 
ix 

aGompiled from, data given by Au good and Williams.1 Detailed references ere 
given by these authors. 

^The total rate factor; the rate at which phenyl radicals substitute the 
compound in question relative to the rate at which they substitute benzene. 

°The partial rate factor for the position indicated by the right subscript; 
tue rate at which phenylation occurs at the Indicated position of the compound in 
quoHtion relative to the rate at which it occurs at one position of benzene. 

^The ratio of ortho to para (o/p) or meta to para (m/p) isomers formed in 
tne phenylation of the compound in question. The statistical value for each of 
the quantities is 8.00. 

6The ratio of alpha to gamma Isomers. 

^The ratio of beta to gamma isomers. 
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Table 9. (Qontinued) 

Aromatic 
compound 

Ortho 
or (X 

Meta 
or jS 

Para 
or Y hk Hko((X) iKiys) n V n  o/p m/p 

CsHsI 51-7 31.6 16.7 1.80 2.08 1.71 1.80 3.10 1.89 

OoHoON 60 10 30 3.60 6.48 1.08 6.48 2.00 0.33 

C6K5CH3 66.5 19.3 14.2 1.68 3.5 1.0 1.4 4.68 1.36 

CgHsCgHG 53 28 19 1.24 1.97 1.04 1.41 2.79 1.47 

C6H5C3H7-I 31 42 27 0.87 0.81 1.1 1.41 1.15 1.56 

OgH^O^Hg-t 24 49 27 0.87 0.63 1.23 1.41 0.89 1.82 

06^6^5 48.5 23.0 28.5 4.00 2.91 1.38 3.42 1.70 0.81 

GlO% 83.4 16.6 — 23.90 29.90 5.48 — ™ 5.028 — ™ 

O6HD9O3CH3 53 33 14 1.50 2.39 1.49 1.26 3.78 2.36 

G6HGOF3 20 40 40 0.99 0.59 1.2 2.4 0.50 1.00 

C6H6Sl(GHa)3 31 45 24 1.06 0.99 1.4 1.5 1.29 1.88 

Bï'be ratio of alpha to beta Isomers. 
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tert-butylbensene gives 24> ortho substitution. Moreover, in 

studying the alkyl benzenes one cannot be sure just how much 

of the decrease in ortho phenylation to ascribe to the steric 

effect, since the amount of para substitution increases only 

slowly from methyl- to tert-butylbenzene, while the fraction 

of meta substitution goes up rapidly, reaching 4.9% at tert-

butylbenzene, indicating that a secondary effect is influ

encing the aeta position. Furthermore, if one looks at the 

partial rate factors (see page 58) for phenylation of tert-

butylbenzene one immediately notes that the ortho rate factor 

is somewhat less than that for any position in benzene. How

ever, if one looks at p-ditert-butylbenzene, in which all 

positions are ortho to a tert-butyl group, one notes that 

the partial rate factor for any position is nearly that for 

benzene• Hence the steric hindrance is not necessarily the 

predominant factor in determining the rate of phenylation 

ortho to a bulky group. Sym-tri-tert-butylbenzene has not 

yet been explored in this reaction, but should prove to be 

of some significance, since each position is flanked by two 

tert-butyl groups. It is possible that the activating effect 

of three tert-butyl groups could offset the steric hindrance 

to phenylation -

Hey and co-workers, Rondestveat and co-workers, and 

Dannley and co-workers have studied the relative reactivities 

of many compounds toward phenylation by the competitive 
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method. Two substrates are allowed to compete for a single 

species, in this case, the phenyl radical- Their relative 

reactivities are measured by the relative yields of products 

derived from them. In applying this method, a number of 

assumptions must be made, some of which are justifiable, 

others of which may be doubtful. It must be assumed that the 

reaction with each of the substrates is of the same kinetic 

order in each of the species entering into the transition 

state, which is reasonable since the same reaction is being 

examined with similar- substrates. It must be further assumed 

that the side reactions are of the same order for both com

pounds and that they proceed to similar extents. This assump

tion has been attacked by Lynch and Pausacker^'^'^, who have 

shown that the amount of residue formed in reactions of ben

zoyl peroxide Cthe most commonly used reagent for the com

petitive experiments) with aromatic substrates varies from 

one compound to another and does not remain in the same pro

portions when they are mixed. Furthermore, the reactions must-

be carried to only a small percent completion., otherwise the 

selective destruction of one component would change the con

centration ratio of the components, making calculations dif

ficult. In spite of these considerations, it is not felt that 

%he relative reactivities measured in this way are grossly 

in error, although the quantitative aspects of the experiments 

may not be entirely correct. In any event, these data are 
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presently tae only data available pertaining to the relative 

reactivities of the various substrates toward free phenyl 

radicals, and it must be admitted that they show a fairly 

hign degree of internal consistency. In several instances, 

trie reactivity of a substrate A has been measured relative 

to substrate B, tnen B measured relative to C, and then A 

measured relative to C, with the result that the product of 

the first two relative reactivities agreed quite nicely with 

the third. 'Zie results of experiments such as these are 

usually expressed in terms of a "total rate factor", j|K, 

where the symbol represents the rate at which CgHcX is attack

ed to yield biaryl s relative to the rate at which CgHg is 

similarly attacked. The results of these measurements and 

the isomer distributions may be combined to give ^partial 

rate factors8, ?k°, where the symbol represents the rate at 

which an ortho position of C5H5X is attacked relative to 

the rate at %hlch one of the six positions of benzene is 

attacked. Table 9 gives a list of total and partial rate 

factors. It is apparent that substituents have only a small 

effect on the reactivities of compounds G5H5Z, Nitrobenzene, 

one of the more reactive substrates toward phenylation, is 

only four times as reactive as benzene, which factor corre

sponds to a difference in free energy of activation for 

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

feature of the data which strikes one's attention almost 
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immediately is the fact that practically all substituants are 

activating. Only in cases in which steric hindrance is 

prominent does one find that some compounds react more slowly 

than benzene. Even in these cases, it is generally found 

that this overall relatively slow rate is due to slow reactions 

at tne hindred positions, and that the partial rate factors 

for the other positions show that they are at least equal in 

reactivity to one position of benzene. Some more pronounced 

electronic effects of substituents may be present in arylations 

by substituted phenyl radicals. For example, Dannley and 

Sternfeld55 have obtained 100/S meta compound in the p-nitro-

phenylation of benzotrichloride• They obtained no ortho 

isomer when the same compound was phenylated, but this may 

be at least in part due to steric effects, since the meta/ 

para ration was less than two, indicating that the most active 

single position in this case was the para - Simamura and 

Migita5° report the following partial rate factors for the 
Nuo NOo 

p-methoxyphenylation of nitrobenzene: gkn = 7*24, = 
XxOo £% O 

0, and §kp = 8.95- Similarly, Morrison and Sweeney have 

shown that p-nitrophenyl radical is strongly oriented to the 

odR. L. Dannley and M. Sternfeld, J. Aa. Chem. Soc.. 
76, 454=3 (1954). 

5^0. Simamura and T. Migi ta, Bull. Chem. Soc. Jaoan, 27, 
228 (1954); Ç. A., 49, 15720 (1955). 

. T. Morrison and R. F. Sweeney, Abstracts of papers, 
130th Meeting of tiie American Chemical Society, Atlantic 
City, N. J., September 16-21, IS56, p. 74-0. 
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ortho positions of anisole, 89> of the substitution of this 

radical occurring; rt tnose positions. The p-srtial rate fac

tor for tais ortho substitution is 3.5, but the total rate 

factor for anisole relative to oenzene is not more than 3.3, 

since these authors report that the partial rate factors for 

reaction at the meta and para positions are less than one. 

The mechanism presented by Augood and Williams1 is one 

in whicn the controlling step of the reaction is the addition 

of the phenyl radical to one position of the aromatic system, 

forming a "sigma complex". In sigma complex the entering 

group is bound to the particular carbon at which substitution 

occurs, which carbon has, then, a tetrahedral configuration, 

and is removed from the conjugated system, Augood and 

Williams believe that the hydrogen atom from the ring is lost 

in a rapid step following the addition of the; phenyl radical. 

'Tnough they admit that this step may involve the removal of 

this hydrogen by another radical (probably teenzoyloxy when 

benzoyl peroxide is the radical source), they prefer the loss 

of the hydrogen atom per se. They cite as evidence for this 

the fact that reduced compounds are sometires found among the 

products of reactions carried out in the presence of nitro

benzene or quinone (see reference 52 in addition to those 

given by Augood and Williams). It does net seem to be 

energetically feasible that this should actually be the 
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c;Q 
course of the sucstitution step. The dissociation energy 

of biphenyl is at most 88 kcal/mole. This is obtained in the 

59 
following manner. Pitzer gives the bond energy of a carbon 

carbon alkane bond as not more than 81 kcal/mole (at 0°K) • 

The carbon-carbon bond of biphenyl should be of this strength 

except for a slight effect due to hybridization and resonance 

The effect due to hybridization is neglected. That due to 

resonance is theoretically estimated at not more than 3 

kcal/mole ( i.e-, 5 kcal/mole is the difference between the 

resonance energy of biphenyl and twice that of benzene). 

Hydrogénation data indicate that the resonance energy of 

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

energy of benzene• Combining the figures for the carbon-

carbon alkane bond strength and trie maximum estimated reso

nance energy of biphenyl, and adding 4 kcal/mole in order 

to lend certainty to the proposal that the figure is a maxi

mum , 88 kcal/mole is obtained for the central carbon-carbon 

bond energy of biphenyl. The bond dissociation energy for 

trie carbon hydrogen bond of benzene is given by Szwarc and 

Williams61 as 102 kcal/mole, obtained from pyrolysis data. 

. Hine. "Physical Organic Oheristry," McGraw-Hill 
Book Company, Inc., New York, N. Y-, IS55, p. 439. 

. S. pitzer, "Quantum Chemistry, 11 Prentice-Hall, 
Inc., Bew York, N. Y., 1953, p. 170. 

50G-. W. Wheland, od. cit., p. 132. 

clM= Szwarc and D- Williams, J* Ones. Fhys., 20, 1171 
(1952). 
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This means that the activation energy for the reaction pro

posed by Augood and Vvillipms must be at least 14 kcal/mole. 

It is difficult to see how a reaction with this activation 

energy could compete with radical-radiesi reactions, which 

are usually very fast, with activation energies of 0-5 kcal/ 

mole and frequency factors on the order of 10® in many 
CO 

cases. That the phenylation reaction is very fast is 

emphasized even more by the failure of the decomposition of 

phenylazotriphenylmethane in benzene to lead to appreciable 

yields of tetraphenylmethance in the presence of gross quanti

ties of added tr-iphenylmethyl (see Experimental). It is pos

sible that solvation of the radicals involved might be prefer

entially great with the hydrogen atom, but even in this case 

it would be difficult to account for complex at ion of such a 

high enthalpy change- It is conceivable, however, that the 

hydrogen atom is lost from the ring to another solvent mole

cule to form a sigma complex in which one carbon atom binds 

two hydrogen atoms. This complex could then proceed to react 

with other radicals (benzoyloxy, for example) to yield its 

hydrogen. At any rate, the important consideration relative 

to the mechanism under discussion is the fact that it pre

dicts a substitution step which is kinetically first order in 

radicals. If one modifies the mechanism so that the hydrogen 

atom is removed by a second radical, the result is still of 

. j. Flory, op. cit., p. 158-
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the same form kinetically if the first stage, the addition of 

the phenyl radical to tne aromatic ring, is the slow step. 

The mechanism in which the hydrogen atom is removed from the 

sigma complex by a second radical is probably the most widely 

accepted mechanism for free redicsl aromatic substitution. 

À great deal of theoretical work has been done in an 

attempt to correlate relative reactivities of the various 

substrates with molecular orbital theories of pi electron 

systems. Such quantities as the "free valence" and "atom 

localization energy11 have been employed with the most success 

(see discussion of Augood and Williams1). The free valence 

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

is an index to the extent to which a particular atom is par

ticipating in bonding, relative to the maximum extent it 

could participate• In a sense, then, it is a measure of 

the degree of "unsaturation" of a particular atom in a system. 

It is assumed that in the course of reaction the atom becomes 

14saturated" in its bonding, and the energy difference between 

the state of unsaturation and the state of saturation is taken 

as a measure of the activation energy for the substitution. 

The method of "atom localization energies" is similar in 

form, but probably is based on firmer theoretical grounds-"'" 

In this method, the transition state for the reaction is con-

J. S. Dewsr, J. Am. Chem. Soc., 74, 3355 (1952). 
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sidered to resemble the sigma complex. In the sigma complex, 

the electrons on the atom being substituted have been removed 

from the pi electron system. They have been "localized" on 

that atom. Tne difference between the pi electron energy in 

the ground state and that of the transition state (with one 

atom removed from the system) is taken to be a measure of the 

energy of activation. The results of calculations of these 

types are given in Table 10. It should be noted that the 

calculations involve adjustable parameters in cases where 

there are substituent groups. Naphthalene, however, and 

biphenyl, can be treated without the use of any arbitrary 

parameters. The results of these calculations do not agree 

extremely well with the experiments. Indeed, it would have 

been surprising if they had, for the treatments involve many 

assumptions and approximations. In view of this, no great 

significance can be attached to the agreement, or lack of it, 

obtained= It should be noted, though, that using these 

methods ortho-para activation is generally predicted and that 

the order of magnitude of the relative reactivities is, 

usually, proper. However, naphthalene presents somewhat of 

a problem, for in this case the free valence and atom locali

zation energy treatments are in sharp disagreement. Since 

this is tne prime instance of a calculation which does not 

involve any arbitrary parameters, it is difficult to ration

alize this disagreement without pointing out sharply the 
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Table 10. Th 60 ratio al onloulatlono of reactivities of aromatic oompoundo 
toward phenylation*1 

Calculated by free valence method Calculated by atom localization method 
Aromatic 
compound Hko(%)b Xkm^d)to X%p(/)b 

HKO Hko(6y)b XKC 

C6H(iN0% — 2.25 0.85 8.47 2.49 

CgHsF 1.9? 1.00 1.34 1.81 — — — —  

C0H5CI 1.79 1.10 1.34 1.19 5.81 1.42 1.92 2.73 

OsHtPr 2.07 1.10 1.34 1.28 — — 

5.12 0.9b 1.97 2.35 — —  — — — — 

0(,Hs0H3 — —  2.61 0.G6 2.14 1.48 

O0H5OH 3.1%) 0.91 1.97 1.70 32.10 0.76 5.98 11.95 

Compiled from data given by Augood and Williams.1 Detailed references are 
given by these authors. 

bThe partial rate factor for the position indicated by the right subscript; 
the rate at which phenylation occurs at the indicated position of the compound in 
question relative to the rate at which it occurs at one position of benzene. 

C) 
Ci 

°The total rate factor; the rate at which phenyl radicals substitute the 
compound in question relative to the rate at which they substitute benzene. 
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Table 10. (Continued) 

Calcula ted by free valence method Calculated by atom localization method 
Aromatic 
compound 

X 
tiko(00 xm/) x"p( n iic Hko(<X) Hkp(f) xhk 

collbnhg 4.95 0.91 1.97 2.28 

0eH5N 2.91 0.82 1.9? 1.5? 2.33 1.95 1.49 1.68 

°10h8 13.71 1.34 — — 10.03 8.8x10^ 19.7 — 4.4x10^ 

CgHgCgHg 804.95 0.86 1.97 538.53 — — — — — 
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invalidity of some of the assumptions, and therefore of the 

calculations in general. It could not be said that these 

calculations, in their present state, lend support to any 

mechanism. 

3 Rondestvedt and Blanchard present a several step mech

anism incorporating the essential features of the mechanise 

of Augood and Williams, out invoking a preliminary complex 

to account for special features. Both Augood and Williams 

and Rondestvedt and Blanchard believe that the ratio of iso

mers formed in the phenylation of substituted benzenes Is a 

reflection of the stabilities of the various sigma complexes. 

Rondestvedt and Blanchard state that they do not know which 

step of their proposed mechanism is rate determining, however 

they base their discussion on the assumption that the forma

tion of the sigma complex from the preliminary is the slow 

step. They feel that the sigma complex might either donate 

its hydrogen atom to the solvent, the new radicals producing 

reduced compounds and tars, or, more likely, that a second 

radical reacts with the sigma complex to abstract its extra 

hydrogen. They believe that radicals may be somewhat elec-

trophilic, thus tending to complex with sites of high electron 

density. Using this hypothesis, they postulate that ortho 

orientation is preferred for most substituents because the 

incoming pnenyl radical can complex with the electron rich 

(in some manner or another) substituent in the preliminary 
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complex. The following quotation is taken from their 

article: 

Although resonance stabilization of the isomeric 
ortho and para sigma complexes is identical (steric 
effects disregarded here), a difference in the 
energy contents of the isomeric "preliminary com
plexes " or in tne energy barriers to their forma
tion will result in a higher concentration of the 
more favored preliminary complex. Therefore one 
of the sigma complexes will be formed more rapid
ly, and OQe isomer will predominate among the 
products 

This reasoning cannot be valid. That this is true can easily 

be seen from the fact that at all points up to the transition 

state the system must be in equilibrium with reactants. In 

particular, if formation of the sigma complex is the slow 

step, with the transition state resembling the sigma com

plex, then the preliminary complexes must be in equilibrium 

with react&nts and with the transition state. This being 

true, it is seen that the stability of the preliminary com

plex has no effect on the rate of formation of any isomer, 

the only factor of importance being the free energy differ

ence between the reactants and the sigma complexes (as models 

for the transition state). Only if the association with the 

substituent is important in the sigma complex, then, will its 

effect be noticed, according to Rondestvedt and Blanchard1s 

mechanism. The authors themselves admit that this is un

likely for such substituents as the halogens, though it may 

be possible for substituents such as the nitro group, which, 

incidentally, does not favor ortho substitution over para 
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except by the statistical factor of two, and hence does not 

require tne explanation. It is seen, thus, that Rondestvedt 

and Blanchard1 s postulates concerning the effects of the 

stabilities of the sigma complexes and the preliminary com

plexes on the isomer distribution are mutually inconsistent. 

These authors also believe that in some cases hydrogen 

abstraction may become the rate determining step, in which 

case they expect to find a deuterium isotope effect -

The mechanisms of DeTar and Sagmanli0 and of Lynch and 

Pausacker9-10 involve generating biaryl. at least in part, in 

induced decomposition steps. While there is no doubt that 

Induced decomposition occurs in the case of benzoyl peroxide, 

no evidence for induced decomposition has been obtained for 

some of the other sources of free phenyl radicals, notably 

phenylazotriphenylmethane. As a matter of fact, phenylazo-

triphenylmethene shows good first order kinetics even to high 

fractions of decomposition, and these kinetics are not 

affected by the presence of trityl radical• Thus, while it 

is possible that some biaryl may be generated in induced 

decomposition steps when some radical sources are used, there 

must also be some formed in other reactions, and it is the 

mechanism of the formation of the latter in which we are 

primarily interested. 

S 
ïhe "kryptoradical" mechanism of Kuisgen and HopeId is 

a concerted mec-ar.lzz. (see Historical section) . They applied 
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it in particular to decompositions of N-nitrosoacetanilide-

Similar schemes could be written, probably, for any source 

of phenyl radicals. However, tne 'mecnaniss could not be ? 

general one because it has been shown that iodine will 

50 scavenge radicals from benzoyl peroxide and phenylszotri-
C-l CO 

phenylmetnane ' with about 90> efficiency. This could be 

accounted for if the iodine reacted with the radical source 

in a concerted action similar to the proposed reaction with 

benzene. However, if this were true, one should expect a 

dependence on the rate of decomposition of benzoyl peroxide 

and phenylazotriphenylmethane on the iodine present, and 

this is not found.^,51 it is unlikely, then, that this 

mechanism can be the proper one. 
a. o 

The mechanism of Hammond and co-workers^1' permits a 

rationalization of the features of the reaction which have 

been discussed. In particular, the mechanism readily 

accommodates the observed small variations In the reactiv

ities of aromatic substrates, the relatively small effect of 

steric nindrance, and the lack of great selectivity among 

the various positions of substituted benzenes. The key to 

the rationalization is the idea that the rate-determining 

step of tne reaction is a radical-radical reaction, and is 

therefore expected to have s small activation energy. The 

phenyl radicals ere considered to be in rapid equilibrium 

witn a complex of the radical with the ere~atlc solvent-
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This complex must be of a small free energy of formation, 

otherwise the formation of the complex would probably be the 

rate determining step of the reaction. The complex would be, 

most likely, a "pi complex", in which the radical is imbedded 

in zcis pi electrons of the substrate, and will be henceforth 

referred to in that manner (though it is also possible that 

it could be a sigma complex). The mechanism of Hammond and 

co-workers differs from that of Rondestvedt and Blanchard' 

in that the pi complex enters into the rare determining step 

which is blmolecular in radicals, not unisolecular. Hammond®* 

has discussed situations in which transition state energy 

can be correllated with the energy of reactant s or products. 

In the case of highly exothermic reactions, it is thought 

that the transition state must resemble the reactants. This 

is particularly true for radical-radical reactions, which are 

usually very highly exothermic. Since in the mechanism of 

Hammond and co-workers, the rate determining step is the 

last one, products must have been determined in the transi

tion state of that reaction. Since that reaction is a 

radical-radical reaction, the transition state rsist resemble 

the reactant radicals. Therefore orientation of the entering 

phenyl group must be determined in the pi complex. Since the 

pi complex must have a small energy of formation, it Is not 
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likely "Chat there would be large differences between the 

energies of formation of complexes having different orienta

tions of tne phenyl radical, thus accounting for the observed 

lack of great specificity. Similar considerations apply to 

the variations in reactivity among aromatic substrates. Since 

the pi complex must have only a small energy of formation, 

it is probably a "loose" complex, that is, the phenyl radical 

is probably not in very close proximity (compared to usual 

bonding distances) to the substrate or its substituent groups. 

Therefore strong steric interactions will not appear in the 

transition state for the reaction unless the groups concerned 

are particularly bulky. 

According to the mechanism of Hammond and co-workers 

only those phenyl radicals which are coiaplexed will lead to 

products of phenylation. It Is likely that phenyl radicals 

would react upon meeting another radical whether they were 

complexed with solvent or not. It must be shown, therefore, 

that enough of the phenyl radicals would be coiaplexed with 

solvent (at equilibrium) to account for the yields of 

products observed. If the usual practical ( "infinite dilu-

tion") standard state is adopted for phenyl radicals and 

pi complexes, the activity of the solvent being one, and the 

standard free energy of formation of the complex st 80°C 

osI. X. Klotz, "Chemical Thermodynamics," Prentice-Hall, 
Inc., Hew York, N. Y., 1950, p. 274. 
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assumed to ce 0 kcal/mole, then sz equilibrium 50,% of the 

phenyl radicals will be complexes with benzene• Since the 

yields of biphenyl from the reactions of benzoyl peroxide 

and phenylazotriphenylmethane are about 50;i (based on the 

expectation of 1 mole of biphenyl from 1 mole of benzoyl 

peroxide), it is seen that a free energy of formation of the 

complex of 0 kcal/mole is sufficient to account for the 

observed yield if all of the complexes at equilibrium result 

in product. If the standard free energy of formation of the 

complex at 80°C is assumed to be -3 kcal/mole, then 98.6# 

of the phenyl radicals exist at equilibrium as complexes. 

These estimates of the free energy of formation of the com

plex are certainly of the proper magnitude to be considered 

small, and are therefore consistent with previous considera

tions. 

Price and Convery have recently demonstrated that there 

is no tritium isotope effect when 2,4-dinItrotritiobenzene 

is phenylated by benzoyl peroxide. Augood and Williams* 

argue that this demonstrates that if a complex is formed, 

the rate determining step cannot be the conversion of the 

complex to products, since tnis reaction must involve the 

stretching of the carbon-hydrogen bond at the seat of sub

stitution. This argument Is not rigorous. As previously 

6oC. C- Price and H. J. Convery. J. Am. Chem. Soc., 75, 
S941 (1957), 
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mentioned, the transition state of reaction of the pi complex 

with a second radical to yield products would closely re-

ser.de tne reactant radicals themselves - Therefore it would 

not be likely that the carbon-hydrogen bond at the seat of 

tne substitution had stretched to an appreciable extent in 

the transition state of the reaction, an occurrence which is 

an 
necessary in order for an isotope effect to be observed, 

Although the lack, of tritium isotope effect fails to dis

tinguish between the mechanism of Hammond and co-workers and 

that of Augood and Williams, it probably does eliminate the 

mechanism of BeTar and Sagmanli, on the basis discussed 

above -

There appears to be substantial precedent now for 

radical-solvent complexes » Hammond and co-workers®® have 

demonstrated there probably exists a radical-inhibitor com

plex in the inhibition of air oxidation of hydrocarbons by 

phenols and amines. The evidence is that there is no iso

tope effect when the hydrogen atom previously thought to be 

abstracted in the first step of inhibition is replaced by 

deuterium, and that the kinetics are properly fitted by a 

secnanism in which radicals form eo~olexes with the inhibitor 

o7L. Me lander, Arklv Kemi, 2, %!i (1950) . 

CSG. S. Hammond. C. S- Boozer, C. S. Hamilton, and J. 
5. Sen, J. Am. Chem. Soo., 77. 323S (1955). 
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in rapid reversible reactions, but not by a mechanism in which 

tne cnain carrying radicals abstract hydrogen atoms from the 

69 
inhibitor. Russell has octainen evidence that chlorine 

atoms complex with aromatic solvents. He studied the photo-

chlorination of 2,5-dimethylbutsne » This hydrocarbon has 

only two types of hydrogen atoms, six primary and two ter

tiary . Since tertiary free radicals are generally more 

stable than primary ones, they are probably more readily 

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 radical. 

The more re active radicals will show less preference for 

tertiary hydrogens than the less reactive radicals. It is 

this kinetic criterion that Russell applied. He observed 

that the ratio of tertiary to primary chloride formed in 

this reaction is a function of the nature and concentration 

of small amounts of additives. In particular, it appears 

that most aromatic compounds when added in small amounts 

change the tertiary to primary ratio considerably in favor 

of the tertiary, indicating that attacking species are being 

stabilised. Furthermore, he was able to correlate the ratio 

of the yields of tertiary to primary chloride with the con

centration of aromatic additive by the following equation: 

G9&. A. Russell, ibid., 99, %9?7 (1957). 



www.manaraa.com

OP. 

oVlO = kl + kg (ArH) + kg (ArH)% 

Tnis xv a s taken as evidence tnat some of the hydrogen abstrac

tion was done by uncompleted chlorine atoms, some by chlorine 

atoms complexed with one molecule of aromatic compound, and 

some by chlorine atoms complexed with two molecules of aro

matic compound. Others have postulated radical-solvent or 

radical-substrate complexes as possible explanations for 

certain facts, but their evidence is not as good as that 

just presented. 

The present work provides some evidence pertaining to 

radical-solvent complexes. Table 11 gives some typical 

yields of carbon dioxide from decompositions of benzoyl 

peroxide in various aromatic solvents. It is seen that there 

is a slight variation in the yield of carbon dioxide in most 

cases with initial concentration of peroxide and with temper

ature, higher peroxide concentrations resulting in less 

carbon dioxide and higher temperatures resulting in more « 

Superimposed on these slight effects are much more pronounced 

differences from solvent to solvent, the yield of carbon 

dioxide decreasing as one reads down the table. The yields 

of carbon dioxide from the decomposition of benzoyl peroxide 

in durene, naphthalene, and ù-,-substituted naphthalenes are 

strikingly smaller than the yields in the aromatic compounds 

near the top of the table - Generally, the substrates which 

appear to be more reactive toward benzoyl peroxide are those 
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Table 11. Yields of carbon dioxide and benzoic acid from 
the decomposition of benzoyl peroxide in aromatic 
solvents 

Carbon Benzoic. Refer-
So Iv en t T( C) P/S dioxide( >) acid( %)D ence 

Benzene 78 0 .0110 136 42 9 
78 • 0098 151 — — 70 
78 • 0147 149 — — 70 
79.6 .0040 166 22 71 

tert-Butylbenzene 80 .0037 155 42 71 

89 .0037 156 42 71 
Toluene 75+2 .0556 120 79 72 
Ethylbenzene 75+2 .0632 112 81 72 
Cumene 75+2 .0626 111 78 72 
Nitrobenzene 78 .0127 93 69 47 

100 -012? 99 73 47 
Mesitylene 89 .0210 102 89 c 

89 .0525 99 88 c 
Durene 89 .0508 33 127 c 

89 .1015 29 130 c 

100+5 .1015 62 100 c 

Naphthalene 100 .0159 42 93 47 
tf-Bro monaphthaiene 70 .0413 1 98 46 
cx-Ghloronaphthalene 70 — — 2 91 46 
(X-Nitronaphthalene 70 .0400 3 92 46 

aThe ratio of the number of moles of benzoyl peroxide to 
umber of moles of solvent used in the reaction. 

byield of product based on the expectation of 1 mole of 
C v * r-OIS 1 iiii 

cThis work. 

product from 1 mole of ueazyj-j. ysruiiuc 

. H. McClure, si. s. riobertson, and A. C. Cuthbertson, 
Can. J. Research, 2GB, 105 (1942). 

F. H art man, H. &• Sellers, and D. Turnbull, J. Am. 
Chem. Soc., 59, £416 (1547). 

L. Dannley snd B. Zare-nsky, ibid., 77> 1588 (1955) • 
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which result in the lov:er yields of carbon dioxide• A pos

sible explanation for this observation is that the bensoylcxy 

radicals produced in the decomposition of benzoyl peroxide de

compose relatively slowly ar.d uni mo 1 e eu. 1 a r ly to yield phenyl 

radicals and carbon dioxide, and that the lifetimes of the 

free cenzoyloxy radicals in the solutions vary in an inverse 

fashion with the reactivity of the solvent. If it is assumed 

that the radical-radical reactions in all the solvents occur 

at similar ratesand that cenzoyloxy radicals do not decar

boxylase at the time of their reaction with another molecule 

or radical, then the variations in the lifetime of the ben-

zoyloxy radical- ( and hence the yield of carbon dioxide) must 

be due to variations among the various solvents in interac

tions unimolecular in radicals. Three types of such interac

tions may be easily envisioned. First, the benzoyloxy radi

cals might add to the aromatic systems of some of the solvents 

to produce sigma complexes, eventually leading to esters and 

other products, but probably not leading to benzoic acid as a 

direct product of a radical-radical reaction (in view of the 

extensive reorganization which would be required) unless a 

free benzoyloxy radical, were ?lso involved in the reaction. 

Second, the benzoyloxy radicals might abstract active hydrogen 

73 
The validity of this assumption is questionable• How

ever, it is worthy of note that termination constants given 
by Flory62 ere similar for rest monomers in vinyl polymeriza
tion » 
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atoms (such as benzylic hydrogen atoms) from the solvent in 

steps l'aster than the radical-radical reactions. Third, the 

cenzoyloxy radicals might enter into loose pi complexes with 

the solvent, stabilizing tnem toward decarboxylation. 

If the assumption stated above that sigma complexes do 

not lead to benzoic acid is true, then about 50;? of the ben

zoyloxy radicals produced in the decomposition of benzoyl 

peroxide in <X-substituted naphthalenes must react as some 

other species, i.-e-, either as free benzoyloxy radicals or as 

benzoyloxy radicals pi complexed with the solvent. If they 

react as free benzoyloxy radicals, and if the assumptions 

that the rates of radical-radical reactions in these systems 

are all similar and that cenzoyloxy radicals do not decar

boxylase at the time of their reaction with some other species 

are true, then the benzoyloxy radicals which lead to benzoic 

acid in naphthalene must have lived at least as long as those 

produced in benzene.?- But, this is inconsistent with the 

?~This statement is subject to one assumption not men
tioned above, that the rates of production of radicals from 
the peroxide in all the solvents are similar. No z ski and 
.dartlettSO have shown that the rate of decomposition of 
benzoyl peroxide in various solvents actually varies con
siderably. Most of this variation is due, however, to 
variations in the rate o? the induced decomposition of the 
peroxide by radicals. The unisoleeular rates- of decomposi
tion of benzoyl peroxide varies only slightly among a series 
of similar compounds- Since the destruction of peroxide in 
an induced step does not alter the concentration of radicals 
in the system (it produces -jne radical and destroys one), 
ene fact that induced decomposition occurs has no bearing 



www.manaraa.com

«rs 

observed fact that extensive decarboxylation occurs in the 

decomposition of benzoyl peroxide in benzene-'*" Therefore 

it is most likely that the failure of benzoyloxy radicals to 

decarboxylase in o<-substituted naphthalenes (and to s lesser 

extent in naphthalene Itself) is probably due to stabiliza

tion of these radicals through the formation of pi complexes. 

This conclusion is, of course, subject to reservations with 

respect to the validity of the assumptions mentioned above. 

Tne decomposition of benzoyl peroxide in durene might 

represent a case in which cenzoyloxy radicals fail to exten

sively decarboxylate because their lifetimes are shortened 

due to a rapid reaction with the solvent to abstract benzylic 

hydrogen atoms. That such a reaction can actually occur is 

evidenced by the fact that bibenzyl or substituted bibenzyls 

are isolated from the decomposition of benzoyl peroxide in 

toluene, ethylbenzene, cumene, o-xylene,3 p-xylene, mesity-

lene, and cLurene (present work) . Eli el, Fang, and Wilen7° 

have shown that there is a substantial isotone effect in the 

(Continued from last page) on the kinetic arguments presented 
here. However, it is possible that the benzoic acid in ques
tion may be in whole or par-t produced in the induced decom
position step. 

^It is not likely that any large amount of products 
arise from "cage" reactions of radicals produced from benzoyl 
peroxide in benzene.50 

76E. L. Eliel, P. T. Pang, and S. Milen, Abstracts of 
Papers, 130th Meeting of the American Chemical Society, 
Atlantic City, N. J., September 16-21, 1956, s. 17-Q. 
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production, of bibenzyl from (X-deuterotoluene by reaction 

with benzoyl peroxide. This implies that the benzylic carbon-

hydrogen bond has been stretched in the transition state of 

the reaction in which the hydrogen is removed, indicating 

that the reaction is probably unimolecular in radicals. 

It should be noted that the yield of carbon dioxide from the 

decomposition of benzoyl peroxide in durene is smaller by a 

factor of three than that obtained when the reaction is car

ried out in mesitylene at the same temperature. Since durene 

has one more methyl group than mesitylene, it might be that 

the effect is merely a statistical one. This is unlikely, 

since comparison of the yields of carbon dioxide obtained in 

mesitylene and durene with those obtained in toluene show 

that the carbon dioxide produced in mesitylene is less than 

that produced in toluene by a factor of only 1.2, while the 

carbon dioxide produced in durene is less by a factor of 

four. More likely, some special interaction occurs in durene 

that does not occur in mesitylene. Two possibilities suggest 

themselvesFirst, tne benzylic hydrogen atoms of durene 

could be particularly reactive because of stabilization of 

the benzyl type radical resulting from the abstraction of a 

hydrogen atom from a methyl group by hyperconjugative inter

actions with two of the other methyl groups. If this is the 

explanation, then the effect is a large one for interactions 

of this type- A second, and here favored, explanation is 
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that the benzoyloxy radicals are stabilized in durene more 

tnan in mesitylene b\ pi completing with the solvent in the 

same fashion ss postulated above for the interaction between 

cenzoyloxy radicals and naphthalene* It is possible that pi 

complexes of this type can decompose to yield benzyl type 

radicals and cenzoic acid. Although the arguments presented 

for stabilization of benzoyloxy radicals by pi completing 

with naphthalenes and durene are by no means rigorous, the 

explanation is considered more satisfactory than the alterna

tives. especially in view of the known tendency for naph-

77 thaienes and durene to enter into more stable molecular 

compounds then many simple aromatic compounds. 

In an effort to distinguish between mechanisms such as 

fi 7 that of Hammond and. co-workers, ' in which the rate deter

mining step is bimolecular in radicals, and mechanisms such 

as tnose of Augood and Williams, Rondestvedt and Blanchard, 

and Lynch and Pausacker,®'"*"® in which the rate determining 

F'Jep is uni molecular in radicals, the present work on the 

reaction of benzoyl peroxide with toluene was undertaken. 

The basis for the work is quite simple.' Radicals apparently 

may reset with either the nucleus or the side chain of 

toluene, leading respectively to sethylbiphenyls and bibenzyl 

In all probability the reaction of the radicals with the side 
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chain of toluene is unimolecular in radicals (see discussion 
np 

above) • Apparently both phenyl'"' and benzoyloxy (present 

work with durene) radicals can react with side chains of 

aromatic compounds to abstract a-hydrogen atoms, while most 

of the substitution on the nucleus is by phenyl radicals. If 

tne concentration of free radicals in the system is varied, 

then variations in the relative yields of bibenzyl and methyl-

bipnenyls should result if the nuclear substitution reaction 

is second order in radicals and the side chain hydrogen ab

straction first order- On the other hand, if both reactions 

are of the s sise order in radicals, no variation in the rela

tive yields of these two products should be observed. It is 

not possible to predict the variation of steady state radical 

concentrations -with concentration of radical, source for short 

chain reactions such as the decomposition of benzoyl peroxide 

without detailed knowledge of the mechanism, but if the con

centration of radical source tends toward infinite dilution, 

so must the concentrations of the radicals produced. There

fore it is to be expected that the yield of methylbiphenyls 

from the decomposition of a phenylsting agent in toluene 

should decrease as the initial concentration of the radical 

source tends to infinite dilution if the substitution step 

is bisolecular in radicals and the side chain hydrogen 

H. Hey, 3. Pengllly, end G. H. Willises, J. Chem. 
Sop.. 1465 (195=;. 
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abstraction step la anlmolecular. Mechanisms in which both 

the nuclesr and side chain reactions are uniaoleeul&r in radi

cals (Augood and Williams) predict that the yield of methyl

biphenyls will increase as the initial concentration of the 

radical source tends to infinite dilution if that source is 

benzoyl peroxide, for at lower concentrations more decarboxyl

ation occurs, resulting in the availability of more phenyl 

radicals for substitution. 

Since nethylbiphenyls are quite difficult to isolate 

quantitatively from solution in aromatic solvents, it was 

decided to analyze for them by the method of isotopic dilu

tion, using carbon-14 as the isotope. The procedure used and 

the method of calculation of the results are given in the 

Experimental section. Only p-methylbiphenyl -«as determined, 

the assumption being made that the isomer distribution for 

tne phenylation of toluene does not change with concentration. 

Benzoyl peroxide 1-0^ was chosen as the phenylating agent 

because it could be conveniently prepared from available 

materials, because it is easily purified and assayed, and 

because its code of decomposition is well understood. 

The results of the study are given in Table 4 (page 29). 

It is obvious that the first series of counts was made on 

materials that were grossly impure, as indicated by the 

melting points and the fact that purification led to de

creases in the specific activities of the materials- It is 
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likewise obvious that run 12-A Is far out of line with the 

other results arid should be discarded. If the remaining 

analyses are examined, it is seen that the agreement obtained 

between duplicates is in most cases poor, the differences 

being as %uch as 20% of the larger one in some instances. 

Nevertheless, the yields are generally in good agreement with 

tne values already in the literature, which were obtained by 

ordinary chemical and spectrophotometry methods. Table 12 

gives these comparisons. The principal value of the present 

work, then, is the corroboration of the published values for 

the yields of p-methylbiphenyl and the establishment of a 

method for isolating the desired product from the reaction 

mixture in quantities and activities conveniently suitable 

for radioanalysis. Further refinement of the method of puri

fying the isolated material should increase the precision of 

the anslysis. \ 

2%a=lnation of the data of the present work presented in 

Table 12 shows that the data probably indicate that the yield 

of p-methyiblpzienyl either remains constant or decreases with 

decreasing concentration. There is no indication that the 

yield increases with decreasing concentration, as demanded 

by mechanisms involving substitution steps unimolecular in 

radicals - The indication is, then, that such mechanisms are 

probably hot correct. That this is so cannot be stated with 

certainty until the data are further refined and until the 
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na 

Table 12. Yield of p-methylbiphenyl from the 
benzoyl peroxide with toluene 

reaction of 

o
 

o
 VI 

Gone.a Y(<)^ Reference 

75+2 5.2x10-1 7.36 72 

80 1.2xl0-1 6.38 79 

60-110 4.7x10-1 5.92 80 

BO 10" i 5.10-10.5 c 

60 10" 2 5.63- 6.IS c 

80 3x10-3 7.44 c 

50 10-3 6.17- 7.89 c 

aInitial concentration of benzoyl peroxide in moles/ 
liter. 

~°Yield of p-methylbiphenyl based on the expectation of 
obtaining 1 mole of product from 1 mole of benzoyl peroxide « 

cThis work. 

lata relative to the yields of bibenzyl in the reaction are 

available-

-Z^B. H- Hey, B- W. ̂ engilly, and C-. H. Williams, ibid., 
c (1955). 

3. Rondestvedt and H« S. Blanchard, J. Am. Ohes. 
1769 (1955). 

Cil; 

'̂ "OC * , 
u -
21, 
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SUMMARY 

The decomposition of benzoyl peroxide in durene and 

mesitylene has been studied, -with emphasis on the yields of 

carbon dioxide and benzoic acid obtained. The yield of car

bon dioxide from the reaction in durene is particularly low, 

mille that from the reaction in mesitylene is not. These and 

otner similar data are best explained in terms of weak inter

actions of the benzoyloxy radicals produced in the decomposi

tion of benzoyl peroxide with the solvent (pi completing). 

A mechanism for the free radical phenylation of aromatic 

compounds is presented which involves a rate determining step 

that is bimoiecuiar in radicals. It is shown that this 

mechanism can account for the known facts about the reaction. 

In an effort to demonstrate that the mechanism is the 

correct one, the yield of p-methylbiphenyl from the reaction 

of benzoyl peroxide with toluene at 80°C was studied as a 

function of the initial concentration of the peroxide, using 

the method of isotonic dilution. A procedure for isolating 

a derivative of p-methylbiphenyl from the reaction mixture 

in quantities and activities convenient for radioanalysis was 

developed. The values for tne yields obtained agree well 

with those already in the literature, but are not of suffi

cient orecision to allow interpretation in terms of a 
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