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supporting electrolyte and reactant at the same concentration as
the test solution. During all measurements the temperature was
kept constant within £0.1 °C. Cyclic voltammetric experiments
were performed with an oscillopolarograph (Amel 448) using the
same cell as for the measurements at low polarization rates.
Coulometric determinations and macroscale electrolysis at con-
trolled potentials were carried out with a potentiostat (Amel 552)
coupled with an integrator (Amel 721) and a recorder (Amel 867).
In a typical run, 50-70 mg of reactant was dissolved in 20-30 mL
of MeCN-0.1 M Et,NCI0,. The solution was then electrolyzed
at an appropriate potential (0.65-0.85 V), using a platinum-gauze
cylinder (1.5-cm diameter) as a working electrode, with a Ag|0.1
M AgClO,~MeCN as reference and a platinum spiral as a coun-
terelectrode separated from the test solution by a fine-porosity

fritted glass disks. The solution was magnetically stirred and
covered with a continuous argon flow. After the current had fallen
to its background value, the solution was evaporated under
vacuum and the residue was taken up with benzene (10 mL). The
insoluble supporting electrolyte was filtered off, and the filtrate
was chromatographed. Only from indole 4, electrolyzed in aqueous
acetonitrile, was the 3-hydroxyindolenine 5¢ isolated (10% yield).
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The thermal decompositions of 1,3-diphenylpropane (1), dibenzyl ethet (2), and phenethyl phenyl ether (3)
have been found to proceed by free radical chain processes. 1 gave toluene and styrene with a reaction order
of 1.55, E; = 51.4 kcal/mol, and log A = 12.5. The reaction could be initiated by benzyl phenyl ether but not
by 1,2-diphenylethane. 2 gave toluene and benzaldehyde with a reaction order of 1.43, E, = 48 kcal/mol, and
log A = 12.6. The reaction could be initiated with benzyl phenyl ether. 3 gave phenol and styrene with a reaction
order of 1.21, E, = 50.3 kcal/mol, and log A = 12.3. The reaction could be initiated by benzyl phenyl ether.
All of the data are consistent with free radical chain processes with the reaction order determined by the termination
reaction. No evidence for concerted reactions has been found.

The thermal conversion of coal into a liquid material has
been postulated to involve the formation of free radicals
by the homolysis of covalent bonds in short, linear linkages
which join the polycyclic clusters of coal into a polymeric
network.! Prior studies have shown that one-atom links
are stable unless substituents on the aromatic rings allow
isomerization to more reactive, nonaromatic species.??
Two-atom links are cleaved in a simple bond homolysis
which, in most liquefaction studies, is followed by hydrogen
abstraction from a hydrogen-donating solvent.* Three-
atom links have received relatively less attention although
the potential chemistry is more complex as simple homo-
lysis reactions, radical chain processes, and concerted
unimolecular reactions are all possible. Herein we report
the thermal decomposition of 1,3-diphenylpropane (1),
dibenzyl ether (2), and phenethyl phenyl ether (3), which
serve as models for the thermal chemistry of three-atom
linkages in coal and all of which react by free radical chain
processes.

Diphenylpropane (1) has been reported to give equal
amounts of styrene and toluene in a reaction that is 1.6
orderin 1.5 A free radical chain process has been proposed
to explain these observations. This reaction has been
reinvestigated here along with studies of initiation by free
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radical initiators which provide further support for the free
radical chain mechanism hypothesis.

Dibenzyl ether (2) has previously been reported to give
equal amounts of benzaldehyde and toluene in a first-order
process with an activation energy of 36 kcal/mol.5 The
formation of benzaldehyde and toluene suggests a free
radical process, but the reaction order and activation en-
ergy are inconsistent with this explanation. Furthermore,
the low activation energy is not consistent with a concerted
unimolecular reaction. However, these studies were carried
out in tetralin, which is very difficult to purify and raises
the possibility of initiation of a free radical process by an
impurity in the tetralin. Also these authors did not purify
2 prior to use which might have resulted in peroxide-in-
itiated reactions. Thus, the thermal chemistry of 2 is
unclear.

Phenethyl phenyl ether (3) has been found to give
phenol and styrene (eq 1) in a first-order process with

0. 0
A - -
H Ph H Ph
H
OH
o o

activation parameters of log A = 11 and E, = 45 kcal/mol.”

(6) Cronauer, D. C.; Jewell, D. M.; Shah, Y. T.; Modi, R. J. Ind. Eng.
Chem. Fundam. 1979, 18, 153. Schlosberg, R. H.; Ashe, T. R.; Pancirov,
R. J.; Donaldson, M. Fuel 1981, 60, 155.

(7) Virk, P. S,; Klein, M. T.; Prepr., Div. Pet. Chem., Am. Chem. Soc.
1981, 26 (3), 77, presented at New York American Chemical Society
meeting, Aug 1981.

© 1982 American Chemical Society



4900 J. Org. Chem., Vol. 47, No. 25, 1982

Gilbert and Gajewski

Table I. Pyrolysis of 1,3-Diphenylpropane, Dibenzyl Ether and 1-Phenoxy-2-phenylethane as Neat Liquids

pr N or o e P
temp, °C 108 kopsa n temp, °C log konsq temp, °C log kopsa
335 -5.79 1.57 310 -5.30 1.29 350 ~b.24 1.22
340 -5.563 1.50 320 ~4.87 1.46 370 -4.87 1.16
3560 -5.41 1.57 330 -4.,71 1.48 38C -4.42 1.27
365 -5.05 1.51 350 ~4.15 1.58 390 -4.21 1.22
380 ~-4,53 1.60

This reaction has been interpreted in terms of a retro-ene
process, a concerted unimolecular reaction. The loss of
the aromatic resonance energy of one ring in forming
2,4-cyclohexadienone might suggest a higher activation
energy for the concerted reaction than is observed. A free
radical chain process is not incompatible with the data.

Experimental Section

General Methods. Samples were pyrolyzed as neat liquids
in thick-walled Pyrex ampules of 0.5-mL volume which were
degassed and sealed under high vacuum. The ampules were
suspended in a fluidized sand bath (Techne SLB-2) modified so
that two of the heaters were controlled by a Bayley proportional
temperature controller. Temperatures were measured with a Pt
resistance thermometer, and temperature control was +1 °C at
350 °C.

Samples were analyzed as 1% solutions in cyclohexane on a
Varian 3700 GC equipped with an FID and a CDS-111 electronic
integrator. A commercially available GC column (an 8-ft glass
column of 3% Dexsil 300 on Supelcoport 100-120 available from
Supelco) was temperature programmed from 60 to 230 °C. In-
dependently determined molar calibration factors were obtained
for all reactants and products. Product identification was made
by comparison with authentic samples and by GC/MS. Diphenyl
ether was used as an internal standard with PPE (3) and was
stable to the pyrolysis conditions.

Vapor pressures were estimated from a plot of In Pvs, 1/T
from the boiling point to the critical temperature.? Critical
temperature and liquid densities were calculated by standard
methods.?

1,3-Diphenylpropane (1) was prepared by Wolf-Kishner
reduction of 1,3-diphenyl-2-propanone; bp 95-105 °C (0.3 mm)
[1it.? 109-111 °C (0.5 mm)]. Samples were redistilled from sodium
and stored under N, prior to use.

Dibenzyl ether (2) was obtained commercially (Aldrich),
distilled twice from sodium, and stored under N; prior to use.

Phenethyl phenyl ether (3) was prepared from phenethyl
bromide and phenol by the procedure of Gates and Allen;!° bp
125-126 °C (1 mm) [lit.!* bp 166 °C (14 mm)]. It was distilled
from sodium and stored under N, prior to use.

Benzyl phenyl ether was prepared from benzyl bromide and
phenol by the procedure of Gates and Allen;'® bp 110-112 °C (1
mm); mp 36-39 °C (lit.!> mp 40 °C).

Toluene, styrene, benzaldehyde, phenol, diphenyl ether, and
diphenylmethane were obtained from commercial sources and
used without further purification.

Standard Kinetic Run. The desired volume of sample was
transferred into an ampule, with an appropriately sized microliter
syringe, degassed, and sealed under high vacuum. A minimum
of four and normally eight to ten ampules were prepared for each
sample at a given concentration and temperature. The samples
were pyrolyzed in the sand bath for a specified time, cooled to
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Table II. Activation Parameters and
Relative Rates for 1-3

O I e

E 4, kcal/mol 51.4 48.0 50.3
log A (s7%) 12.54 12.60 12.3
n 1.55 1.43 1.21
kyeg (350 °C) 1 17.6 1.39
Scheme I
P NNen L e NG 4 Ph—Chye
DPP
log & = 15 - 72 000/87
P NG+ PP e b Ny + P N
Ph—CHye + DPP e PrcH, + Prr” "pn

log 4, = 85 - 12000/87
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P NTNpn L P 4 Ph—CHy

log k5 = 15 -~ 28 000/87

k
2Ph—CH —= Ph"_-Ph
logky = 95

- 24V 3,
-&—(Pb/at\—/\P—h) - </(~T>2 /(H(Ph/\‘/\Ph) )
room temperature, and then opened. In experiments involving
liquid-phase pyrolyses 5-uL aliquots were removed for analysis.
For gas-phase experiments the entire sample was used for analysis.
A least-squares plot of the concentration of starting material
remaining vs. time was used to determine the concentration of
starting material remaining at a specified time (normally 50 min)
which was used to calculate the initial rate. Calculation of the
initial rate for gas-phase experiments is straightforward. For
liquid-phase experiments the percent reaction was first calculated
by using eq 2, where [ is the initial sample volume, X, is the

I(1-X,)

%Rxn=-—7:—z-:—

X 100 (2)

amount of starting material remaining at time ¢, and Z, is the
amount of sample in the gas phase. The percent reaction can then
be used to calculate the initial rate.

Raoult’s law was assumed to hold for mixtures of substrates
with hydrogen-donating solvents.

Results and Discussion

Diphenylpropane (1) was found to give toluene and
styrene in equal amounts at low conversions over the
temperature range of 335-380 °C in both liquid and gas-
phase reactions. A plot of log R; vs. log C; (initial rate vs.
concentration) over the concentration range of 0.2 (gas
phase) to 3.8 M (liquid phase) at various temperatures gave
straight lines with slopes (reaction orders) in the range of
1.51-1.60 with the rate constants reported in Table I. An
Arrhenius plot yields the activation parameters given in
Table II. All of the data are consistent with a free radical
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Table III. Initial Rates in the Presence of Free Radical Initiators and Hydrogen-Donating Solvents®
conch, M
substrate (s) addend (A) S A phase log R;
S N en” N gPh 0.0487 0.0025 g —-6.28
P N0—Ph 3.61 0.185 1 -3.86
" 0.025 0.030 g 27.84
B ph 1.91 2,23 1 —4.48
e N0 Npn PR N o——ph 0.037 0.0012 g -5.93
P N0—ph 2.93 0.089 1 -3.24
N, 0.025 0.030 g -6.87
[ N 1.91 2.23 1 -4.01
N or ™ No—rn 0.1037 0.0018 g -6.54
[N NI 2.90 0.13 1 -3.90
o pn 0.025 0.030 g -7.00
™ 1.91 2.23 1 -4.34
¢ Temperature = 350 °C.
Table IV. Comparison of Calculated and Experimental Rate Constants
concn, M log R;
substrate (s) addend (A) S A exptl caled
e ey 0.02 -7.77 -7.90
3.79 -4.50 -4,48
B N g—ph 0.049 0.0025 -6.28 -5.85
NN 0.05 -6.75 -6.32
3.79 -3.26 -3.50
o N o——ph 0.037 0.0012 -5.93 -5.64
NN 0.05 -6.97 -6.92
1.91 -4.69 -4.79
v No—en 0.037 0.0018 -6.54 -6.23
¢ Temperature = 350 °C.
chain process, and a mechanism is given in Scheme I. Scheme 11
Reaction is initiated by cleavage of a C-C bond in 1 to o~ He on _
give 2-phenethyl and benzyl radicals. These radicals can o~ Ph—=CHpe + Ph—0r
abstract hydrogen from 1 to give a 1,3-diphenyl-1-propyl log #, = 14 - 56 000/8
radical which can undergo 3 scission to generate styrene . .
and another benzyl radical,!® thus completing the chain Ph—0s + DPP —f- PrOM + Phe” "Ph
process (see Table III). Termination occurs by coupling . .
two benzyl radicals to form 1,2-diphenylethane. Analysis Ph—CHpe + DPP —He PhCHy + Ph” " pPh
of this reaction scheme, by using the steady-state ap- a4 = 8.5 -
o . . . q ky = 8.5 - 12 000/67
proximation for all radicals and assuming long chains,
yields the kinetic expression of Scheme I for the loss of e e N T, + Ph—CH,e
1. Also given in Scheme I are estimates of the rate con- A\ e
stants for each of the individual steps.'®1” These estimates log kg = 15 - 28 000/8T

allow calculation of the overall rate constant and activation
parameters, and comparison of these with the measured
quantities (Table IV) provides further support for the
proposed mechanism.

(15) The reverse reaction, addition of a benzyl radical to styrene,
probably occurs but has no kinetic significance.

(16) Benson, S, “Thermochemical Kinetics”; Wiley: New York, 1976.

(17) Ingold, K. U. In “Free Radicals”; Kochi, J. K., Ed.; Wiley: New
York, 1973, Chapter 2.
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2Ph—=CHp» —T= Ph"~Ph log k7 = 9.5

|
e NN k(PR N0—Pn)\2
8(Ph — Ph) (/ = kH(Ph/\/\Ph)

Addition of small amounts of benzylphenyl ether to DPP
results in an increased rate of loss of 1. Addition of small
amounts of 1,2-diphenylethane has no effect on the rate
of loss of 1. A possible reaction mechanism is given in
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Scheme [I. Cleavage of benzyl phenyl ether generates
benzyl and phenoxy radicals which can initiate the chain
process by abstracting hydrogen from 1. 1,2-Diphenyl-
ethane is not an efficient initiator of this free radical chain
process because the rate of radical generation is too low
to compete with radical generation by homolysis of 1 (i.e.,
k;/[PhCH,CH,Ph] < &, for [Ph(CH,);Ph].

The addition of a hydrogen-donating solvent such as
diphenylmethane has no effect on the products formed or
the reaction rate other than a concentration effect.

Dibenzyl Ether. Dibenzyl ether (2) was found to give
equal amounts of toluene and benzaldehyde over the
temperature range of 310-350 °C in both the liquid and
gas phases. The average reaction order in DBE was 1.43.
The reaction rate and order were sensitive to catalysis by
acid, glass surfaces, molecular sieves, and impurities
present in commercial supplies of DBE. Failure to distill
DBE prior to use gave the faster reaction rates and reaction
orders found previously.® Storage of DBE over 13-X
molecular sieves, in an attempt to remove peroxides,’?
resulted in a catalyzed reaction with a reaction order of
1.35, an activation energy of 28 kcal/mol, and a log A of
5.7. The source of catalysis is presumabiy dissolved (or
suspended) molecular sieves. Addition of 5-10% tri-
ethylamine was necessary to eliminate catalysis by the glass
surfaces of the ampules used. This procedure had no effect
on the reaction rates of either 1,3-diphenylpropane or
phenethyl phenyl ether. Addition of small quantities of
benzyl phenyl ether resulted in a faster reaction rate but
no change in the products formed. Neither 1,2-di-
phenylethane or diphenylmethane had any effect on the
reaction.

The products formed and the reaction order observed
suggest that a free radical chain process is occurring
(Scheme IIT). That 2 reacts faster than 1 is probably due
to a slightly lower activation energy for the initial bond
homolysis and to a faster rate of hydrogen abstraction from
2 due to the polar effects of an a-oxygen.* Given the
assumptions used in estimating the reaction rates for the
elementary steps, the calculated overall reaction rate and
activation parameters agree reasonably well with the
measured quantities.

Phenethyl Phenyl Ether. Phenethyl phenyl ether (3)
has been found to give equal amounts of phenol and sty-
rene over the temperature range of 350-390 °C in both the
liquid and gas phases. The reaction order averaged 1.2 for
3 over the temperature range with a concentration range
from 0.4 to 3.7 M. The activation parameters are given
in Table II. Addition of small amounts of benzyl phenyl
ether increases the rate of loss of 3. The observed reaction
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order and the effect of a free radical initiator suggests that
a concerted retro-ene reaction’ is not the dominant reaction
path. A free radical chain mechanism consistent with the
data is given in Scheme IV. The initial stages of this
mechanism are similar to the mechanisms given for 1 and
2. The major difference occurs in the termination reactions
since coupling of two phenoxy radicals will not be as ef-
ficient a termination reaction as the coupling of two benzyl
radicals. Unlike the coupling of two benzyl radicals to give
1,2-diphenylethane, two phenoxy radicals will not give
diphenyl peroxide at this temperature. Reaction of two
phenoxy radicals might occur by addition at the para
position to give the quinone-type product (T-1). This
product is probably not very stable at these temperatures,
and termination may occur predominantly by the dispro-
portionation reaction given in Scheme IV (T-2). Since the
observed reaction order falls between first and three-halves
order, both termination reactions must be contributing to
the reaction mechanism. A concerted retro-ene reaction
requires a first-order reaction and would not show any
effect with added free radical initiators. Only a free radical
chain process is consistent with all the data.

Summary

The thermal chemistry of three-atom links is best de-
scribed by free radical chain processes. The products are
consistent with a free radical chain process involving a
B-scission reaction, and the reaction orders range between
first and three-halves order depending upon the nature of
the chain termination reaction. Activation parameters are
readily estimated from thermochemical kinetic data on the
individual reactions with log A ~ 12 and E, ~ 50 kcal/mol.
Unlike the one- and two-atom linkages, reactions of the
three-atom linkages are promoted by free radical initiators.
The potential for inhibition of free radical chains also exists
and is currently being studied.
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