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Biaryl bonds are the strongest carbon-carbon single bonds in fossil fuels. This paper examines
hydrogenolysis and alkane cohydrogenolysis of biphenyl and dimethylbiphenyls, in detail.
Biphenyl cleavage was found to be enhanced by copyrolysis and cohydrogenolysis with small
amounts of 2,2,3,3-tetramethylbutane (hexamethylethane, HME). Much smaller enhancements
were found for cohydrogenolysis with other alkanes. Increased biaryl cleavage rates, in HME
cohydrogenolysis, were found to be a direct consequence of initiation by hydrogen atom generated
during HME decomposition. Both biphenyl pyrolysis and hydrogenolysis mechanisms involve
ipso hydrogen atom attack, followed by ejection of phenyl radical and the formation of benzene.
Hydrogen atom is regenerated either through the phenylation of starting biphenyl or through
the direct reaction of phenyl radical with H2. Both propagation reactions are very fast, leading
to highly efficient chain transfer. Biaryl bond hydrogenolysis was found to be first-order in
biphenyl and half-order in H2. Dimethylbiphenyls were found to undergo both demethylation
and biaryl cleavage reactions during either neat hydrogenolysis or HME cohydrogenolysis.
Cleavage of the much weaker aromatic methyl bond was found to be only slightly favored over
biaryl cleavage in dimethylbiphenyl/HME cohydrogenolysis. The branching ratio for biaryl
cleavage versus demethylation was also found to be sensitive to dimethylbiphenyl structure. The
similar rates for biaryl cleavage and demethylation, as well as the structure sensitivity of the
branching ratio, indicate the rate of formation and stability of the ipso hydrogen atom adduct
are important in determining the rates of aromatic displacement reactions.

Introduction

Facile strong bond cleavage is a key goal for the
efficient conversion of heavy hydrocarbon resources.
Biaryl bonds are the strongest carbon-carbon single
bonds in fossil fuels, with bond strengths calculated to
be in the range from 4731 to 4982 kJ/mol. Biaryl
cleavage is also a key limiting reaction in the catalytic3,4
and thermal5 center ring cracking of multiring aromat-
ics, such as phenanthrene. Therefore, the ability to
cleave strong biaryl bonds would have a major beneficial
impact on direct coal liquefaction, or upgrading coal,6
or petroleum-derived aromatic streams.
The simple pyrolysis chemistry of biphenyl, in inert

media, has been extensively studied. Significantly
fewer studies of simple biphenyl hydrogenolysis have
been reported. Pure biphenyl pyrolyzes very slowly at
temperatures below 500 °C, producing terphenyl and

quaterphenyl oligomers and a minor amount of ben-
zene.7,8 Proksch et al.7 have reported that holding times
of 5-20 h are required at 420-465 °C to produce <1
wt % biphenyl conversion. Significantly higher rates
of conversion were observed at 700 °C, yielding similar
mixtures of terphenyl, quaterphenyl, and benzene.9
Unpublished results by Haynes suggest that significant
rates of thermal hydrogenolysis of biphenyl cannot be
achieved at temperatures below 700 °C,3 although no
actual experimental results were reported.
Pure model compound experiments have been used

extensively to study the thermal and process chemistry
of fossil fuels. Extrapolation of pure model compound
data to more complex, multicomponent systems is often
complicated in that it has been shown that the thermal
chemistry of individual components of complex mixtures
can differ significantly in both kinetics and product
selectivity from that observed for pure compounds.10
This phenomenon has been extensively studied in the
copyrolysis of light alkanes relevant to the commercial
production of light olefins.11 Kinetic coupling10 gener-
ally occurs through bimolecular hydrogen transfer and
chain termination reactions and is therefore especially
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important at high hydrocarbon partial pressures typi-
cally present in commercial units. Significantly fewer
studies of this type of phenomenon for heavy aromatic
systems relative to fossil fuels have been reported.
McMillen and Malhotra12,13 have made a strong case

for bimolecular hydrogen transfer induced bond scission
of strong diphenylmethane bonds. No case was made
for applying similar chemistry to stronger biphenyl
bonds, although some evidence can be found in the
literature. Copyrolysis of biphenyl with formaldehyde
at 500 °C14 has been reported to facilitate the biphenyl
cleavage, but conversion and selectivity data were not
reported. Biphenyl cleavage was proposed to proceed
through the ipso addition of hydrogen atom, followed
by scission of the biaryl bond (reaction 1 in Figure 1).
Stein’s15 kinetic work on phenylation of aromatics
supports the finding of hydrogen atom induced biaryl
cleavage through ipso hydrogen atom attack. Vernon16
examined biphenyl cohydrogenolysis at 450 °C in the
presence of bibenzyl, tetralin, and molecular hydrogen.
Increased selectivity for benzene production when H2
and bibenzyl were present was interpreted as indicating
cleavage of the biphenyl bond. Hydrogen atoms, pro-
duced by the reaction of benzyl radical and molecular
hydrogen, were proposed as the active radical for
biphenyl cleavage. Detailed interpretation of Vernon’s
results is complicated by simultaneous production of
benzene from bibenzyl hydrogenolysis.
Copyrolysis has been used to study the dealkylation

of toluene by hydrogen atom. Tsang17 and others18 have
provided detailed kinetics for this reaction in single-
pulse shock wave experiments. In these studies, either
2,2,3,3-tetramethylbutane (hexamethylethane, HME)17
or neopentane18 was used as a hydrogen atom source.
These alkanes are members of a family of highly
branched, very symmetric alkanes that will release
hydrogen atoms during thermolysis.19 In high dilution,
HME decomposes to form isobutene and hydrogen atom
via a well-defined reaction pathway shown in Figure 2,
where reaction 2 is rate-limiting. Although alkanes, like
HME, are well-known hydrogen atom sources at high-
temperature shock wave conditions, their ability to

produce hydrogen atoms at the higher concentration and
lower temperature conditions typical of coal and petro-
leum processing is unknown. These molecules have not
been exploited for the study of biaryl cleavage under
any conditions.
Reported here is a detailed investigation of HME

pyrolysis and hydrogenolysis in high-concentration mini-
bombs. The use of HME copyrolysis and cohydro-
genolysis to examine biphenyl and dimethylbiphenyl
pyrolysis and hydrogenolysis had not been previously
reported. In these studies it was found that the
observed rates of biaryl cleavage are highly sensitive
to reaction media composition and that biaryl cleavage
can occur at rates that are competitive with other strong
bond breaking reactions, such as demethylation.

Experimental Section

Materials. Biphenyl, HME, n-octane, 2,2-dimethylhexane,
2,6-dimethylhexane, 2,2,4-trimethylpentane, 2,2,3-trimeth-
ylbutane, 3,3′-dimethylbiphenyl, and 4,4′-dimethylbiphenyl
were all purchased from Aldrich Chemical Co. in their highest
available purity and used without further purification. 2,2′-
Dimethylbiphenyl was purchased from Pfaltz & Bauer Inc. and
also used without further purification.
Pyrolysis and Hydrogenolysis Experiments. All ex-

periments were conducted in stainless steel “minibomb” reac-
tors,20 which consist of a 1 in. SwageLok cap and plug. The 1
in. minibomb reactor has a void volume of 11.1 cm3. Each
reactor is washed with THF and rigorously dried to clean away
any hydrocarbon film present in the reactors. Each minibomb
was only used once to avoid cross-contamination. All experi-
ments were conducted in a temperature-controlled sand bath
with an agitation rate of 250 cycles per minute.
In a typical experiment, 5 mmol (0.7700 g) of biphenyl and

0.5 mmoles (0.0590 g) of hexamethylethane were placed in the
minibomb plug. The minibomb was closed and encased in the
minibomb pressurizing cell (Figure 3), equipped with a 0-100
psi transducer. The pressure cell was then evacuated, with
the bomb closed, to a constant reading on the transducer. The
bomb was then opened, in situ, and pressurized to the desired
pressure using argon or hydrogen and sealed. Twelve of the
minibombs were loaded onto a stainless steel rack and placed
in the temperature-controlled fluidized sand bath. After the
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Figure 1. Proposed biphenyl cleavage reaction through ipso
addition of hydrogen atom.

Figure 2. Shock wave decomposition reactions for 2,2,3,3-
tetramethylbutane (hexamethylethane, HME).

Figure 3. Minibomb loading and sample collection apparatus
used for these studies.
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desired reaction time, the bombs were removed from the sand
bath and allowed to cool to room temperature. (Note: If no
gas was collected, the minibomb was cooled to -78 °C to
minimize losses of volatile benzene.) The cooled minibomb was
then placed in the pressure cell, which was subsequently
evacuated. The minibomb was then opened in the evacuated
pressure cell, which was attached to an evacuated gas collec-
tion bomb. The minibomb was opened under static vacuum,
the pressure noted (volume known), and the gas analyzed
using mass spectroscopy. The minibomb was then taken out
of the pressure cell, and 20 µL of pentadecane standard was
added to the liquid/solid products. The liquid/solid products
were then completely dissolved in 10 mL of methylene chloride
and analyzed by GC and GC/MS techniques. Most experi-
ments were run in triplicate. Standard deviations for conver-
sion were generally about 2-4%, absolute.
Product Analysis. Liquid product analysis was accom-

plished using a Hewlett-Packard 5890 gas chromatograph
(GC), equipped with a 30 m, 0.231 mm diameter, 1 µm film
thickness DB-1 column (J&W Scientific) and a flame ionization
detector. Helium was used as the carrier gas, with a carrier
gas pressure drop of 5 psi. Quantification was accomplished
using the GC area ratio of the product peak to the pentadecane
standard and experimentally determined response factors.
Peak identifications were confirmed using GC/MS, using a
Finnigan INCOS 50-XL instrument equipped with a 0.18 mm
i.d., 40 m, J&W Scientific DB-1 capillary column. Gas analysis
was accomplished using a mass spectroscopy technique similar
to that described in ASTM D2650.

Results and Discussion

To simplify data discussion, the results and discussion
will be treated sequentially. HME minibomb pyrolysis
and hydrogenolysis will be discussed first followed by
sections on biphenyl pyrolysis and biphenyl hydro-
genolysis. The final section will discuss dimethylbiphe-
nyl hydrogenolysis.
HME Pyrolysis and Hydrogenolysis Results.

Minibomb pyrolysis conditions differ significantly from
those found in shock wave and bulk photolysis (see
Table 1). Minibombs are typically operated at higher
pressures and longer holding times than either of the
other techniques and at significantly lower tempera-
tures than for thermal shock waves. In general, mini-
bomb conditions are more typical of either commercial
or large-scale hydrocarbon-processing units.
Product selectivity for minibomb pyrolysis of HME is

presented in Table 2 along with comparative data for
shock wave19 and photolytic21 pyrolysis. Conversion is
defined as the weight percent disappearance of HME
starting material. Selectivity is defined as the yield of
each product divided by conversion. In the minibomb
experiments, 0.039 M HME was heated to 450 °C for 2
h under an argon atmosphere. HME conversion was
58 ( 7 wt % for the minibomb pyrolysis. Significantly
different products are formed in minibomb pyrolysis
versus either shock wave or photolytic pyrolysis.

Isobutene is the principal product in shock wave or
photolytic pyrolysis, whereas minibomb pyrolysis pro-
duces isobutane as the main product. In addition to
isobutane, significant amounts of isobutene are observed
along with pentane (C5H12), propene, methane, and
molecular hydrogen (H2). Only one pentane isomer was
observed, which was identified as either isopentane or
neopentane by GC/MS. All minibomb products are also
observed in pulse photolysis experiments, but ethane
and propane, which are produced in pulse photolysis,
are not observed in minibomb pyrolysis. As discussed
below, product H2 is a clear indication of hydrogen atom
production in minibomb pyrolysis. Comparison of the
H2 selectivity for each technique indicates that mini-
bomb pyrolysis does produce atomic hydrogen at a lower
efficiency than either shock wave or photolytic pyrolysis.
The rate and selectivity of HME pyrolysis are not

significantly changed by the addition of 10-fold molar
excess biphenyl (see Table 3). HME conversion after 2
h at 450 °C under argon is essentially the same within
experimental error whether biphenyl is present or not.
HME product selectivity is only slightly altered by the
presence of excess biphenyl, with isobutene selectivity
diminished in favor of additional isobutane and meth-
ane. Importantly, molecular hydrogen, a sensitive
indicator of atomic hydrogen formation, is unaffected
by biphenyl.
The replacement of argon with high pressure hydro-

gen (H2/biphenyl ) 7.6, H2/HME ) 76) results in
significant changes in both the rate and selectivity of
HME conversion. The rate of HME conversion is
significantly increased under a hydrogen atmosphere,
with nearly quantitative formation of isobutane as a
product. Minor amounts of lighter C3 products were
also observed, which were found to increase as either
H2/HME or reaction temperature was increased. The
profound differences in both conversion and product
selectivity indicate a fundamental change in mechanism
for HME hydrogenolysis vs pyrolysis. As will be shown
below, the high selectivity for isobutane is evidence for
significant hydrogen atom production through the direct
reaction of tert-butyl radical and molecular hydrogen.
HME Pyrolysis and Hydrogenolysis Discussion.

The low efficiency for hydrogen atom production in
minibomb pyrolysis is the result of increased bimolecu-
lar hydrogen transfer reactions favored by the high
reactant concentration in minibombs. In direct contrast
to pyrolysis, bimolecular hydrogen transfer reactions
increase hydrogen atom production during hydrogenoly-
sis. In minibomb pyrolysis atomic hydrogen is formed
by the same reaction as in shock wave and photolytic(21) Tokach, S. K.; Koob, R. D. J. Phys. Chem. 1980, 84, 6-9.

Table 1. Comparison of Typical Conditions and
Conversions for Shock Wave, Photolytic, and Minibomb

Pyrolysis of Hexamethylethane (HME)

technique
total pressure

(kPa)
HME concn
(mol/L)

% HME
convrn

shock wave 8-27 10-7-10-6 4-39
photolysis 0.03-0.5 10-5-10-3 0.03-3
minibomb 36-2200 10-2 60-95

Table 2. Comparison of Typical Weight Percent Product
Selectivities for Shock Wave, Photolytic, and Minibomb

Pyrolysis of HMEa

shock wave photolysis minibomb

hydrogen 2.0 0.2 ( 0.02
methane 8.6 2.4 3.5 ( 0.2
propene 2.5 10.2 6.9 ( 0.8
isobutene 86.3 49.8 24.9 ( 1.9
isobutane 10.2 55.7 ( 2.4
C5H12 7.8 9.0 ( 1.8
a Minibomb temperature is 450 °C; HME concentration is 0.04

M. The average observed conversion for HME in minibombs is
58 ( 7 wt %. Conversion is the wt % disappearance of HME
starting material. Selectivity is 100 times the wt % yield of each
product divided by the wt % conversion.
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pyrolysis: the elimination of hydrogen atom from tert-
butyl radical (Figure 2, reaction 3). In minibomb
pyrolysis, bimolecular hydrogen transfer reactions in-
volving tert-butyl radical and starting HME slow hy-
drogen atom production by consuming tert-butyl radical
before it can undergo the elimination reaction. In
hydrogenolysis, bimolecular hydrogen transfer increases
the production of hydrogen atom through the direct
reaction of tert-butyl radical with molecular hydrogen.
This direct reaction with hydrogen is the dominant
radical pathway for HME hydrogenolysis. This reaction
pathway becomes even more favored at high H2/HME
feed ratios.
The principal reactions involved in minibomb pyroly-

sis of HME are shown in Figure 4. Chain initiation
occurs through reaction 2, the symmetric cleavage of
HME to form two tert-butyl radicals. Hydrogen atom
is then formed through unimolecular elimination from
tert-butyl radical, reaction 3. Product H2 is formed
through the rapid reaction of hydrogen atom with
available hydrocarbons such as starting HME (reaction
5). Product H2 is, therefore, a qualitative and perhaps
semiquantitative measure for hydrogen atom produc-
tion. The first-order rate constant of reaction 3 at 450
°C is 3.7 × 102 s-1, as calculated by extrapolating
Tsang’s shock wave rate parameters to current condi-
tions.22 No literature values are available for reaction

5, but a second-order rate constant can be approximated
by adjusting the pre-exponential term for Tsang and
Hampson’s23 rate for hydrogen atom abstraction from
ethane. This results in an estimated second-order rate
constant for reaction 5 of approximately 4.5 × 108 M-1

s-1 at 450 °C. Initial HME concentration must be
considered for comparison to competitive unimolecular
reactions. This is accomplished by calculating an initial
pseudo-first-order rate constant by multiplying by the
intial HME concentration. The initial pseudo-first-order
rate constant for reaction 5 is 1.8 × 107 s-1. Hydrogen
atoms, generated through reaction 3, will obviously
quickly react with HME to form molecular hydrogen.
Although reaction 5, per se, should decrease as HME is
consumed during the reaction, it can be expected that
similar reactions with product hydrocarbons, such as
reaction 8 in Figure 5, will become more important as
conversion increases.
In addition to producing hydrogen atom, tert-butyl

radical will also be subject to hydrogen transfer reac-
tions. The most important hydrogen transfer reaction

(22) Tsang, W. J. Am. Chem. Soc. 1985, 107, 2872-2880.
(23) Tsang, W.; Hampson, R. F. J. Phys. Chem. Ref. Data 1986, 15,

1087-1279.

Table 3. Effect of Biphenyl and Molecular Hydrogen on HME Pyrolysis and Hydrogenolysis Conversion and Weight
Percent Product Selectivitya

[HME]0 (M) 0.040 0.045 0.045 0.023 0.045
[biphenyl]0 (M) 0.45 0.45 0.23 0.45
[H2]0 or Ar Ar Ar H2 H2 H2
temp (°C) 450 450 450 450 475
convrn 58 ( 7 62 ( 4 84 ( 5 87 ( 1 >99
selectivity
H2 0.20 ( 0.02 0.21 ( 0.03
methane 3.5 ( 0.2 6.4 ( 0.6 3.2 ( 0.1 4.5 ( 0.6 11.4 ( 0.4
ethene 0.4 ( 0.3 0.2 ( 0.2 0.5 ( 0.1
ethane 1.7 ( 0.4 3.8 ( 0.5
propene 6.9 ( 0.8 7.1 ( 0.6 1.9 ( 0.3 1.4 ( 0.4 0.3 ( 0.2
propane 4.0 ( 0.3 7.9 ( 1.7 13.3 ( 0.8
isobutene 24.9 ( 1.9 11.9 ( 0.5
isobutane 55.7 ( 2.4 64.1 ( 1.0 87.4 ( 0.4 83.3 ( 1.0 69.1 ( 0.8
C5H12 9.0 ( 1.8 10.2 ( 2.2 3.1 ( 0.4 3.1 ( 0.4 2.3 ( 0.4

a Conversion is the wt % disappearance of HME starting material. Selectivity is 100 times the wt % yield of each product divided by
the wt % conversion. Results represent averages of multiple independent experiments.

Figure 4. Principal decomposition reactions for minibomb
HME pyrolysis.

Figure 5. Key side reactions for minibomb HME pyrolysis.
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at early conversion would be the abstraction of hydrogen
from starting HME, reaction 4. This reaction forms
isobutane, the major product in minibomb pyrolysis, and
HME radical. HME radical can be expected to undergo
relatively rapid beta scission, as described in reaction
6, producing isobutene and re-forming tert-butyl radical.
This bimolecular hydrogen transfer pathway regener-
ates the active intermediate for producing hydrogen
atom but, in effect, lowers efficiency for hydrogen atom
production by decomposing HME unproductively. No
literature kinetic data are available for either reaction
4 or 6, but reasonable estimates can be made using
literature values for similar reactions.
Zhang and Back24 have reported a detailed kinetic

study for the reaction of methyl radical with isobutane,
including the abstraction of isobutane’s tertiary hydro-
gen. The calculated second-order rate constant for this
reaction at 450 °C is 5.1 × 105 M-1 s-1. The rate for
tert-butyl radical abstraction of hydrogen from methane
can be calculated using this rate constant and the
equilibrium constant at 450 °C. Standard temperature
and pressure thermodynamic parameters for methane
and isobutane were taken from Stull, Westrum, and
Sinke.25 Benson’s26 parameters were used for methyl
and tert-butyl radical. The equilibrium constant at 450
°C was calculated using the change in constant pressure
heat capacities to extrapolate from 25 °C to reaction
conditions. This results in a calculated equilibrium
constant at 450 °C of 2.0 × 10-3 for methyl radical
abstraction of isobutane’s tertiary hydrogen and a
calculated second-order rate constant of 2.6 × 102 M-1

s-1 for tert-butyl abstraction from methane. A second-
order rate constant for reaction 4 can now be estimated
by lowering the activation energy 6.9 kcal to account
for the weaker carbon hydrogen bond strength in HME
vs methane and adjusting the pre-exponential factor for
the higher number of hydrogens in HME. These as-
sumptions lead to an approximate second-order rate
constant of 1.4 × 105 M-1 s-1 and initial pseudo-first-
order rate constant of 5.5 × 103 s-1. The rate for
reaction 6 should be relatively fast in comparison. An
estimated first-order rate constant of 1 × 106 can be
calculated using half the activation energy and the same
pre-exponential factor as reaction 3. On the basis of
this rate analysis, the rate of reaction 4 should be
considerably faster than that of reaction 3, and therefore
the majority of HME decomposition should occur through
the non-hydrogen atom producing bimolecular pathway.
It should be noted that though this bimolecular pathway
is not terminal because tert-butyl radical is re-formed
by reaction 6, the efficiency for hydrogen atom produc-
tion is lowered by unproductive consumption of HME.
The relative efficiency for hydrogen atom production

from HME pyrolysis is directly related to the branching
ratio for tert-butyl radical undergoing reaction 3 vs
reaction 4. Reaction 3 produces hydrogen atoms and
ultimately molecular hydrogen through reaction 5.
Reaction 4 produces isobutane and ultimately isobutene.

Both paths lead to the regeneration of tert-butyl radical.
The molar ratio of molecular hydrogen, the ultimate
product of reaction 3, to isobutane, the product of
reaction 4, should provide a quantitative measure of this
important tert-butyl radical branching ratio and there-
fore the relative efficiency for hydrogen atom production.
The product H2/isobutane mole ratios for shock wave,
photolytic, and minibomb pyrolysis of HME are ∞, 2.6,
and 0.11, respectively. These values essentially in-
versely correlate with the experimental HME concen-
tration. Low-concentration shock wave pyrolysis occurs
exclusively through reaction 3, intermediate-concentra-
tion photolysis occurs predominantly through reaction
3, and high-concentration minibombs occur principally
through reaction 4. A literature-predicted product H2/
isobutane mole ratio for minibombs can be calculated
using the ratio of literature rate constant for reaction 3
divided by reaction 4’s literature-estimated pseudo-first-
order rate constant, as discussed above. The experi-
mental 0.11 H2/isobutane mole ratio for the minibombs
is bracketed by the literature-predicted H2/isobutane
mole ratios of 0.07 at initial concentration and 0.17 at
60% HME conversion.
Isopentane, propene, and methane are the other

significant products of minibomb HME pyrolysis. These
compounds are the products of secondary radical reac-
tions of primary isobutane and isobutene products as
shown in Figure 5. Propene and methane most likely
arise from beta scission of isobutyl radical as shown in
reaction 11. Two distinct routes are possible to isobutyl
radical. The first route is hydrogen abstraction of
isobutane’s primary hydrogen, while the second is
hydrogen atom addition to isobutene. Potential hydro-
gen abstractors for the first route are either tert-butyl
radical, as shown in reaction 7, or hydrogen atom, as
shown in reaction 8. Although reaction 7 is energeti-
cally uphill, large amounts of tert-butyl radicals would
probably make this reaction significant. Hydrogen atom
abstraction of either primary or tertiary hydrogen from
isobutane should have relatively low activation energies
(see discussion of reaction 5 above), and although
teritiary hydrogen abstraction would be energetically
favored, primary hydrogen abstraction should be fa-
vored by a larger pre-exponential factor based on the
number of abstractable hydrogens. It is difficult, if not
impossible, to assess the significance of tertiary hydro-
gen abstraction reactions because the tert-butyl radical
product is also the principal radical chain product of
HME decomposition. Hydrogen atom addition to
isobutene can form either isobutyl or tert-butyl radicals
(reactions 9 and 10). Although tert-butyl is favored
energetically, it is once again difficult, if not impossible,
to assess the significance of hydrogen atom addition
routes to it. Hydrogen abstraction from isobutene
should also be a rapid reaction, but the absence of allene
product indicates either that the hydrogen atom addi-
tion to isobutene is highly favored over abstraction or
that the beta scission of the highly stabilized isobutenyl
radical is much slower than quenching by hydrogen
transfer.
HME hydrogenolysis requires consideration of ad-

ditional reactions involving molecular hydrogen. Figure
6 shows the principal reactions involved in HME hy-
drogenolysis. The direct reaction of tert-butyl radical
with molecular hydrogen, reaction 13, is now the

(24) Zhang, H. X.; Back, M. H. Int. J. Chem. Kinet. 1990, 22, 537-
541.

(25) Stull, D. R.; Westrum Jr., E. F.; Sinke, G. C. The Chemical
Thermodynamics of Organic Compounds; Robert F. Krieger Publish-
ing: Malabar, FL, 1987; reprint with corrections.

(26) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New
York, 1976.
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principal means for forming hydrogen atom. Evans and
Walker27 have reported the rate of reaction for tert-butyl
and H2, reaction 13, as 1.7 × 104 M-1 s-1 at 450 °C.
Although slower by almost an order of magnitude than
reaction 4, excess H2 will favor reaction 13. Reaction
13 should become the principal reaction for tert-butyl
radical at H2/HME concentrations >8.2 and the domi-
nant atomic hydrogen producer at ratios below that. All
biphenyl hydrogenolysis reactions in this study were
conducted at H2/HME ratios in excess of 19; therefore,
essentially every tert-butyl radical should produce hy-
drogen atom through reaction 13.
In conclusion, high-concentration minibomb pyrolysis

of HME produces hydrogen atoms by the same mech-
anism as observed in high-temperature shock waves.
The efficiency of hydrogen atom production in mini-
bombs is considerably lower than shock waves due to
competing hydrogen transfer reactions. In contrast to
pyrolysis, minibomb hydrogenolysis of HME produces
hydrogen atoms efficiently through the direct reaction
of tert-butyl radical with molecular hydrogen.
Biphenyl Pyrolysis Results. Consistent with lit-

erature reports, biphenyl was found to be essentially
inert when pyrolyzed for 120 min at 450 °C. Average
conversions and selectivities for neat biphenyl pyrolysis
are shown in Table 4. Conversion is defined as the
weight percent disappearance of starting biphenyl.
Selectivity is defined as the yield of each product divided
by conversion. Previous studies of biphenyl pyrolysis7
have assumed first-order kinetics, and for ease of
comparison to literature rates this convention will be
used in this study. Limits for analysis indicate that the
first-order rate constant for biphenyl conversion under
these conditions is <3 × 10-7 s-1. This value is
essentially in agreement with Proksch’s first-order rate
constant of 1.7-1.9 × 10-7 s-1 for biphenyl pyrolysis at
450 °C.
The addition of 10 mol % HME significantly increases

the rate of biphenyl pyrolysis. Biphenyl conversion and
selectivity during HME copyrolysis at various holding
times are shown in Table 4. The rate of biphenyl
conversion is dramatically increased by the presence of
10 mol % HME, but product selectivity remains es-
sentially unchanged. The first-order rate constant for

biphenyl conversion in the presence of 10 mol % HME
is 1.0 × 10-5 s-1, 50 times faster than neat biphenyl
pyrolysis. This high sensitivity to coreactants suggests
that the relatively high disparity in previous measure-
ments7 of biphenyl pyrolysis rates may result from
minor impurities, as suggested by Poutsma.6 As with
neat pyrolysis, terphenyl and quaterphenyl constitute
the majority of product. Benzene was found in only
trace quantities at 0.5 h, but increased to 10-15 wt %
of the product at longer residence times. This product
slate is consistent with previously proposed chain
propagation6 through ipso hydrogen atom attack and
ejection of phenyl radical followed by phenyl radical
addition to starting biphenyl.
Biphenyl Pyrolysis Discussion. A plausible py-

rolysis pathway consistent with the observed chain
mixing between biphenyl and HME pyrolysis is depicted
in Figure 7. Initiation occurs via the symmetric, ho-
molytic cleavage of HME (reaction 2) to form two tert-
butyl radicals. The tert-butyl radical undergoes either
unimolecular beta scission to produce hydrogen atom
or bimolecular hydrogen transfer to form isobutane and
a HME radical. The reaction with HME slows the

(27) Evans, G. A.; Walker, R. A. J. Chem. Soc., Faraday Trans. 1
1979, 75, 1458-1464.

Figure 6. Principal decomposition reactions for minibomb
HME hydrogenolysis.

Table 4. Conversion and Product Selectivity for Neat
Biphenyl Pyrolysis (No HME) and Biphenyl/HME

Copyrolysisa

selectivity

temp
(°C)

time
(min)

biphenyl
convrn benzene terphenyl

quater-
phenyl

no HME 450 120 <0.2

10 mol 450 30 3.4 ( 0.1 2 ( 2 33 ( 1 64 ( 4
% HME (1:3.9:2.1)

60 4.4 ( 0.8 11 ( 4 22 ( 5 69 ( 7
(1:4.0:2.2)

120 6.1 ( 0.1 15 ( 2 26 ( 2 62 ( 4
(1:4.2:2.3)

a The initial biphenyl concentration for both neat pyrolysis and
HME copyrolysis is 0.45 M. Initial HME concentration for
copyrolysis is 0.045 M (10 mol % of the initial biphenyl concentra-
tion). Conversion is the wt % disappearance of biphenyl starting
material. Selectivity is 100 times the wt % yield of each product
divided by the wt % conversion. The ratios of ortho/meta/para (o:
m:p) for the terphenyl products are shown in parentheses. Small
amounts of methylbiphenyl (2 ( 1 wt % selectivity) were observed
at all three holding times. Toluene (1 ( 1 wt % selectivity) was
observed at 120 min of holding time. Results represent averages
of multiple independent experiments.

Figure 7. Principal reactions for biphenyl/HME copyrolysis.
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production of hydrogen atom but ultimately regenerates
tert-butyl radical through beta scission of the HME
radical (reaction 6). The production of hydrogen atom
is the most plausible entry point from HME pyrolysis
into biphenyl pyrolysis. Neat biphenyl pyrolysis has no
plausible initiation reactions at these temperatures, but
copyrolysis with HME allows the facile initiation of
biphenyl pyrolysis via the reaction of hydrogen atom
with biphenyl (reaction 1). Biphenyl pyrolysis propaga-
tion, once initiated, occurs through the reaction of
phenyl radical with biphenyl to form terphenyl and
hydrogen atom (reaction 15). Assuming that direct
biphenyl coupling is not a significant source of quater-
phenyl product, the high selectivity for quaterphenyl
indicates that phenylation of terphenyl is significantly
faster than that for biphenyl. The sensitivity in biphe-
nyl pyrolysis rate to the presense of HME supports
Poutsma’s postulation of adventitious impurities acting
as initiators in previous studies of biphenyl pyrolysis.
Biphenyl Hydrogenolysis Results. Simple biphe-

nyl hydrogenolysis proceeds at rates significantly faster
than simple biphenyl pyrolysis (see Table 5). The first-
order rate constant for biphenyl hydrogenolysis is 5.2
× 10-6 s-1, approximately 20-30 times faster than the
pyrolysis rate constant. The presence of high-pressure
hydrogen also strongly affects product selectivity. Ben-
zene is the principal product of hydrogenolysis. Ter-
phenyl and quaterphenyl, the major products of biphe-
nyl pyrolysis, are relatively minor products of biphenyl
hydrogenolysis. All three terphenyl isomers are formed,
but the meta isomer is the main isomer formed. Similar
effects of molecular hydrogen on rate and selectivity
have been reported for toluene hydrogenolysis versus
pyrolysis28 and for the cohydrogenolysis of bibenzyl and
tetralin.16 The general observation of increased thermal
conversion under hydrogen atmosphere supports Ver-
non’s conclusions on the direct role of molecular hydro-
gen in coal liquefaction.
Cohydrogenolysis with HME has a dramatic effect on

biphenyl conversion, as can be seen by the conversion
and selectivity data in Table 6 for biphenyl/HME
cohydrogenolysis at several H2/biphenyl mole ratios. The
first-order rate constant for biphenyl conversion at 7.6
H2/biphenyl ratio is 9.7 × 10-5 s-1, 20-fold faster than
neat biphenyl hydrogenolysis at the same H2/biphenyl
mole ratio. This rate is also 10-fold faster than biphe-
nyl/HME copyrolysis. The direct involvement of H2 in

the radical chains is shown by the change in product
selectivity and rate of conversion as the H2/biphenyl
ratio is systematically increased. Benzene, a minor
product in the absense of H2, is the major product even
at moderate H2/biphenyl mole ratios. At high H2/
biphenyl mole ratios, benzene is essentially the only
product observed. Because benzene can only be formed
from biphenyl via the rupture of biaryl bonds, the
observed increase in the rate of benzene formation as a
function of molecular hydrogen activity clearly indicates
the direct role of molecular hydrogen in biaryl cleavage.
The simple aromatic product slate provides convincing
evidence for a simple radical chain involving ipso
hydrogen atom attack and ejection of phenyl radical,
followed by the direct reaction of phenyl radical with
H2. Terphenyl and quaterphenyl are likely formed via
the competitive reaction of phenyl radical with starting
biphenyl.
At constant initial H2/biphenyl mole ratio, hydro-

genolysis product selectivity changes with increasing
conversion. Benzene selectivity increases and terphenyl
and quaterphenyl selectivities fall with increasing
conversion. The terphenyl isomer distribution also
changes as a function of conversion, with the meta and
para isomers dominant at longer holding times. This
is evidence of the preferential dephenylation of the ortho
isomer reported previously by Stein.15 The increased
benzene selectivity at higher conversion is the direct
result of terphenyl and quaterphenyl dephenylation to
form benzene and either biphenyl or terphenyl, respec-
tively.
Lower initial HME concentration (Table 7) slows the

rate of biphenyl hydrogenolysis; however, the rate is not
slowed proportionally. The first-order rate constant for
biphenyl hydrogenolysis with 5 mol % HME is 6.7 ×
10-5 s-1, approximately two-thirds of the rate with 10
mol % HME. Product selectivity is not affected by lower
HME treat rates. Benzene, terphenyl, and quaterphe-
nyl remain the principal products of biphenyl hydro-
genolysis. The relative selectivities for these products

(28) Brooks, C. T.; Cummins, C. P. R.; Peacock, S. J. J. Chem. Soc.,
Faraday Trans. 1971, 67, 3265-74.

Table 5. Conversion and Selectivity for Neat Biphenyl
Hydrogenolysisa

selectivitytemp
(°C)

time
(min)

biphenyl
convrn benzene terphenyl quaterphenyl

450 30 0.2 ( 0.1 50 50
60 1.7 77 23

(1:2.0:1.0)
120 3.9 ( 0.4 83 ( 1 14 ( 1

(1:4.0:2.2)
475 120 9.3 ( 2.5 78 ( 4 19 ( 4 3 ( 0.3

(1:4.0:2.2)
a Conversion is the wt % disappearance of biphenyl starting

material. Selectivity is 100 times the wt % yield of each product
divided by the wt % conversion. The ratios of ortho/meta/para (o:
m:p) for the terphenyl products are shown in parentheses. Initial
biphenyl concentration is 0.45 M; the initial H2/biphenyl ratio is
7.6.

Table 6. Cohydrogenolysis of Biphenyl and HME at
Various H2/Biphenyl Ratiosa

selectivity[H2]0/
[BP]0

time
(min)

biphenyl
convrn benzene terphenyl quarterphenyl

1.9 30 7.0 ( 1.7 40 ( 13 35 ( 18 23 ( 6
(1:4.0:2.4)

60 18.8 ( 3.1 59 ( 2 29 ( 1 12 ( 2
(1:4.3:2.7)

120 28.4 ( 9.1 65 ( 4 26 ( 2 9 ( 2
(1:4.8:3.2)

5.7 30 12.1 ( 1.3 74 ( 1 18 (1 5 ( 1
(1:4.2:2.5)

60 26.3 (1.7 78 ( 3 17 ( 2 3 ( 1
(1:4.8:2.9)

120 41.1 ( 2.0 85 ( 1 12 ( 1 2 ( 1
(1:5.4:3.3)

7.6 30 18.1 ( 0.1 83 ( 1 14 ( 1 1 ( 0.4
(1:4.9:2.7)

60 31.0 ( 0.8 85 ( 2 12 ( 1 2 ( 0.3
(1:5.4:3.2)

120 46.9 ( 3.1 90 ( 1 8 ( 1 1 ( 0.2
(1:5.7:3.5)

a Reaction temperature is 450 °C, and initial biphenyl concen-
tration is 0.45 M. Initial HME concentration is 0.045 M. Conver-
sion is the wt % disappearance of biphenyl starting material.
Selectivity is 100 times the wt % yield of each product divided by
the wt % conversion. The ratios of ortho/meta/para (o:m:p) for the
terphenyl products are shown in parentheses. Results represent
averages of multiple independent experiments.
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are essentially the same as at comparable conversion
with 10 mol % HME. Reaction selectivity is, therefore,
a function of the H2/biphenyl mole ratio and indepen-
dent of starting HME concentration. This result dem-
onstrates that HME acts as an inititior of biphenyl
hydrogenolysis, impacting the rate of conversion by
establishing the number of chains. The independence
of product selectivity on HME concentration also indi-
cates either very long radical chains or a common
radical as chain initiator and carrier.
Increasing initial H2/biphenyl mole ratios to 11.1 and

14.8 further increases the observed selectivity to ben-
zene (Table 8). Experiments were conducted at the
same H2 pressures as for the previously discussed 5.6
and 7.6 H2/biphenyl mole ratio experiments, but the
initial biphenyl and HME concentrations were halved
to 0.23 and 0.023 M, respectively. The higher H2/
biphenyl mole ratios lead to slightly lower initial biphe-
nyl conversion at 30 min, but higher conversion at 60
and 120 min, relative to lower H2/biphenyl mole ratio
hydrogenolysis. The overall first-order rate constant for
biphenyl hydrogenolysis at 14.8 H2/biphenyl mole ratio
is 1.1 × 10-4 s-1, a rate constant slightly faster than
the first-order rate constant observed for 0.45 M initial
biphenyl at the same H2 pressure. The slight difference

in calculated rate constant is a consequence of the lower
than expected conversions at 120 min at 7.6 H2/
biphenyl. When only 30 and 60 min data are used, the
initial first-order rate constant at 7.6 H2/biphenyl is 1.1
× 10-4 s-1, essentially in agreement with the 14.8 H2/
biphenyl kinetic data. The low conversions at 120 min
of holding time likely result from biphenyl being a
significant secondary product at lower H2/biphenyl
ratios. Biphenyl hydrogenolysis, at H2/biphenyl mole
ratios 1.9, 5.7, and 7.6, produces significant terphenyl
and quaterphenyl product. Terphenyl and quaterphe-
nyl are ultimately dephenylated to form benzene and
biphenyl or terphenyl, respectively. This secondary
production of biphenyl results in lower conversion at
longer holding times, but only when terphenyl is a
significant primary product. At a H2/biphenyl ratio of
14.8, the production of terphenyls is essentially elimi-
nated, and biphenyl conversion is accurately described
using first-order kinetics. This indicates that at H2/
biphenyl mole ratio of 14.8 essentially all chain transfer
is occurring via the reaction of phenyl radical with H2
rather than biphenyl, as described in more detail below.
Therefore, high H2/biphenyl ratio experiments provide
a cleaner measure of biphenyl hydrogenolysis kinetics,
because they do not contain a significant biphenyl
phenylation component.
Higher temperature, as expected, results in substan-

tially increased rates of biphenyl/HME cohydrogenolysis
at H2/biphenyl mole ratios of 7.6 and 14.8 (Table 9).
Although conversion is increased, product selectivity is
not changed at higher temperature. Selectivity for
benzene, terphenyl, and quaterphenyl at 475 °C is
comparable to hydrogenolysis at the same conversion
and H2/biphenyl mole ratio at 450 °C. Arrhenius
treatment using first-order kinetics at comparable
conversion data at both 450 and 475 °C yields similar
activation energies of 243 and 272 kJ/mol (58 and 65
kcal/mol) for both H2/biphenyl mole ratios, respectively.
This activation energy is on the low end of the range of
reported activation energies for neat biphenyl pyrolysis
(260-380 kJ/mol) and slightly lower than the activation
energy for the symmetric homolysis of HME, reaction
2 (299 kJ/mol).29
Cohydrogenolysis with alkanes other than HME also

increases the rate of biphenyl hydrogenolysis, but the
rate increases are considerably less than observed with

(29) Walker, J. A.; Tsang, W. Int. J. Chem. Kinet. 1979, 11, 867-
882.

Table 7. Effect of Initial HME and Biphenyl
Concentration on Biphenyl/HME Cohydrogenolysis at

450 °Ca

selectivity

[BP]0
(M)

[HME]0
(M)

time
(min)

biphenyl
convrn benzene terphenyl

quater-
phenyl

0.45 0.023 30 14.3 83 14 2
(1:3.7:2.0)

60 24.1 ( 1.1 83 ( 1 14 ( 1 2 ( 0.1
(1:4.7:2.8)

120 36.4 ( 0.1 87 ( 1 11 ( 1 1 ( 0.1
(1:5.7:3.3)

a The initial H2/biphenyl ratio is 7.6. Conversion is the wt %
disappearance of biphenyl starting material. Selectivity is 100
times the wt % yield of each product divided by the wt %
conversion. The ratios of ortho/meta/para (o:m:p) for the terphenyl
products are shown in parentheses. Results represent averages
of multiple independent experiments.

Table 8. Effect of Hydrogen Activity on Biphenyl
Conversion and Selectivity in Biphenyl/HME

Cohydrogenolysis at 450 °Ca

selectivity

[H2]0/
[BP]0

time
(min)

biphenyl
convrn benzene terphenyl quaterphenyl

11.1 30 13.9 84 12 3
(1:3.7:1.7)

60 27.3 ( 4.2 86 ( 4 12 ( 4 2 ( 1
(1:4.7:2.5)

120 47.9 ( 0.6 95 ( 1 5 ( 1
(1:5.3:2.3)

14.8 30 15.4 ( 1.6 92 ( 1 7 ( 1
(1:3.5:1.0)

60 33.1 ( 0.8 94 ( 1 6 ( 1
(1:4.6:2.2)

120 54.9 ( 0.5 96 ( 1 3 ( 1
(1:5.0:2.0)

a Initial biphenyl concentration is 0.23 M. Initial HME con-
centration is 0.023 M. Conversion is the wt % disappearance of
biphenyl starting material. Selectivity is 100 times the wt % yield
of each product divided by the wt % conversion. The ratios of
ortho/meta/para (o:m:p) for the terphenyl products are shown in
parentheses. Results represent averages of multiple independent
experiments.

Table 9. Biphenyl Conversion and Selectivity at 475 °C
for Biphenyl/HME Cohydrogenolysisa

selectivity

[BP]0
(M)

[HME]0
(M)

time
(min)

biphenyl
convrn benzene terphenyl

quater-
phenyl

0.45 0.045 30 45.2 ( 1.6 89 ( 1 9 ( 1 1 ( 0.03
(1:5.4:3.0)

120 74.2 ( 0.5 97 ( 1 3 ( 0.3
(1:10.8:1.4)

0.23 0.023 30 58.6 ( 1.1 97 ( 1 3 ( 0.2
(1:5.0:1.4)

a The initial H2/biphenyl ratio is 7.6 for the 0.45 M biphenyl
experiments and 14.8 for the 0.23 M biphenyl experiments.
Conversion is the wt % disappearance of biphenyl starting
material. Selectivity is 100 times the wt % yield of each product
divided by the wt % conversion. The ratios of ortho/meta/para (o:
m:p) for the terphenyl products are shown in parentheses. Results
represent averages of multiple independent experiments.
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HME. Shown in Table 10 are conversions and selectivi-
ties for biphenyl cohydrogenolysis with 10 mol % of
various octane isomers and 2,2,3-trimethylbutane. The
rate of biphenyl conversion is increased in all cases sv
neat biphenyl hydrogenolysis, which results in 3.9%
conversion at comparable conditions. The rate increases
observed are quite small compared to that observed with
HME (46.9% conversion at comparable conditions).
Biphenyl product selectivity is essentially the same as
observed at comparable conversion, when HME is used
as the coreactant. Clearly, alkane structure plays an
important role in its ability to generate hydrogen atoms
and thereby initiate biphenyl hydrogenolysis. As a
general rule, biphenyl conversion increases with alkane
branchiness, with n-octane causing the smallest in-
crease and 2,2,3-trimethylbutane the largest. Alkane
conversion (Table 11) also trends with increasing alkane
branchiness. The sole exception is 2,2,4-trimethylpen-
tane, iso-octane, which exhibits a conversion between
both dimethylhexanes. This is also consistent with the
greater production of hydrogen atoms as branching is
increased.
The products of alkane hydrogenolysis are, as ex-

pected, quite different from the very symmetric HME.
The alkane hydrogenolysis products are, in general, as
expected from hydrogen abstraction and beta scission
by a strong radical chain carrier.30 One key difference
between HME and these other alkanes is the complete

absence of weak carbon-hydrogen bonds in HME. The
rate of alkane thermal conversion has been reported to
increase in H2 vs inert bath gases.31 Hydrogen atoms,
generated by the direct reaction of H2 with certain alkyl
radicals, have been postulated as the source of the rate
enhancement. Unlike simple pyrolysis, for which prod-
uct H2 is a useful semiquantitative probe for hydrogen
atoms, it is difficult, if not impossible, to confirm the
presence of hydrogen atoms during hydrogenolysis.
Cohydrogenolysis with excess biphenyl, which is highly
sensitive to hydrogen atom initiation, may be one way
to indirectly quantify the importance of hydrogen atom
intermediates in alkane hydrogenolysis.
Biphenyl Hydrogenolysis Discussion. The rate

of biphenyl conversion in biphenyl/HME cohydrogenoly-
sis is first-order in biphenyl. First-order dependence
on biphenyl is indicated by the effect of biphenyl
concentration on the observed initial rate of biphenyl
conversion at 30 min. Doubling the initial biphenyl
concentration from 0.23 (Table 8) to 0.45 M (Table 7)
at constant HME and H2 concentrations nearly doubles
the initial rate of conversion from 1.2 × 10-3 to 2.1 ×
10-3 mol/min. A log-log plot of these observed initial
rates for biphenyl conversion vs initial biphenyl con-
centration indicates the order of reaction with respect
to biphenyl concentration is 0.9 ( 0.2, or essentially
first-order in biphenyl. Figure 8A shows the integrated
first-order kinetic term vs time for the 0.45 M initial
biphenyl concentration experiments at H2/biphenyl mole
ratios of 0, 1.9, 5.7, and 7.6. The initial HME concen-
tration is 0.045 M for all experiments. First-order
kinetics provides an adequate fit of the data within
experimental accuracy, especially at low conversion.
Lower than predicted values are observed at higher
conversions but are still within experimental accuracy.
The negative deflections at high conversion arise from
the secondary production of biphenyl through dephe-
nylation of terphenyl and quaterphenyl. Phenylation
of product benzene is also a possible route to secondary
biphenyl. However, Stein’s15 reported phenylation rates
for benzene at 450 °C would predict benzene phenyla-
tion should occur at only one-third the rate of biphenyl
phenylation, making this route relatively insignificant.
Both of these conclusions are supported by the fact that
at lower initial biphenyl concentrations and higher H2/
biphenyl mole ratios, first-order kinetics (Figure 8B)
provides an excellent fit at all conversion levels. Lower
biphenyl concentrations and higher H2/biphenyl ratios
act to mitigate the initial formation of terphenyl and
quaterphenyl products and thereby the secondary for-
mation of biphenyl.
Biphenyl/HME cohydrogenolysis is half-order in mo-

lecular hydrogen. Plotting the log of the observed first-
order rate constants, from above, vs the log of initial
hydrogen concentration (Figure 9) gives a slope of 0.45.
The observed rate law for HME-induced biphenyl hy-
drogenolysis is therefore described by eq 1. This rate
law is consistent with a chain transfer occurring almost
entirely through the reaction of phenyl radical with
molecular hydrogen and is similar in form to that
described by Benson for toluene hydrogenolysis.32 Slight

(30) Dryer, F. L.; Brezinsky, K. Combust. Sci. Technol. 1986, 45,
199-212.

(31) Doolan, K. R.; Mackie, J. C. Combust. Flame 1983, 50, 29-39.
(32) Benson, S. W.; Shaw, R. J. Chem. Phys. 1967, 47, 4052-4055.

Table 10. Biphenyl Conversion and Selectivity from
Cohydrogenolysis with 10 mol % of Various Alkanes at

450 °C, 2 h, and H2/Biphenyl Mole Ratio of 7.8a

a Conversion is the wt % disappearance of HME starting
material. Selectivity is 100 times the wt % yield divided by the
wt % conversion.

Table 11. Alkane Conversion and Selectivity from
Cohydrogenolysis with 10-Fold Molar Excess Biphenyl at

450 °C, 2 h, and H2/Biphenyl Mole Ratio of 7.8a

a Conversion is the wt % disappearance of HME starting
material. Selectivity is 100 times the wt % yield divided by the
wt % conversion.
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differences in experimental rate constants are observed
depending on initial biphenyl concentration. The over-
all rate constant for 0.45 M biphenyl at 450 °C is (5.2 (
0.3) × 10-5 M-1/2 s-1, whereas the initial rate constant
using only 30 and 60 min data is slightly higher at 5.8
× 10-5 M-1/2 s-1. The corresponding overall rate for 0.23
M initial biphenyl concentration is also (5.8 ( 0.2) ×
10-5 M-1/2 s-1. The observed rate at 0.23 M biphenyl
should, therefore, represent the most valid number for
hydrogenolysis in that terphenyl and quaterphenyl
production is minimized.

Biphenyl/HME cohydrogenolysis is half-order in HME
concentration. The log-log plot of the rate constants
at 0.45 M biphenyl vs either 0.023 or 0.045 M HME
concentration gives a slope of 0.51. The complete
experimental rate law for biphenyl/HME cohydrogenol-
ysis is, therefore, described by eq 2, with a constant of
3.8 × 10-4 M-1 s-1 at 450 °C.

The kinetic products of biphenyl hydrogenolysis are
consistent with the above kinetic analysis. In Figure
10, the yields of biphenyl hydrogenolysis products, at
7.6 H2/biphenyl mole ratio, are plotted vs biphenyl
conversion. At 7.6 H2/biphenyl mole ratio, both benzene
and terphenyls are primary products of biphenyl hy-
drogenolysis. Benzene is the main product of biphenyl
hydrogenolysis, and the shape of the curve indicates
that it is a stable product, while terphenyls are subject
to secondary conversion. Benzene is also a secondary
product, presumably the result of secondary conversion
of terphenyl through dephenylation. Biphenyl is the
other product of terphenyl dephenylation, leading to
artificially low observed conversions at long holding
times. The three terphenyl isomers are not consumed
at equal rates, as both o- and p-terphenyl undergo more
rapid dephenylation than the meta isomer. Stein15 has
proposed steric factors in the more rapid dephenylation
of o-terphenyl. Although sterics certainly play a role
in the dephenylation of the ortho isomer, the rapid
dephenylation of the para isomer indicates electronic
effects must also play a role. The more rapid dephe-
nylation of the ortho and para isomers can be explained
by increased resonance stabilization of the hydrogen
atom adduct intermediate (see Figure 11). The radical
intermediate produced by ortho and para attack is
potentially stabilized over two rings, while hydrogen
atom attack at the meta position results in stabilization
over only one ring.
A plausible reaction scheme for biphenyl/HME cohy-

drogenolysis is shown in Figure 12, consistent with the
above observed kinetics. Chain initiation still occurs
through the symmetric cleavage of HME (reaction 2).
Hydrogen atom is now formed via the direct reaction of
tert-butyl radical and H2, as all hydrogenolysis reactions
were conducted at H2/HME ratios of 19-148. As
discussed above, the direct reaction of H2 with tert-butyl
radical should dominate at H2/HME mole ratios above
8.2. As with biphenyl/HME copyrolysis, hydrogen atom
is the entry point from HME hydrogenolysis into biphe-
nyl hydrogenolysis. Hydrogen atom reacts with biphe-
nyl as described in reaction 1. Hydogen atom adds to
the ipso position of biphenyl and this ipso hydrogen
adduct can eliminate phenyl radical and form benzene.
In biphenyl hydrogenolysis, hydrogen atom is regener-
ated in a single step through the rapid reaction of
phenyl radical with H2, as shown in reaction 16. Some
chain transfer still occurs through phenylation of bi-
pheny (reaction 15), but this pathway beomes less and
less significant as the H2/biphenyl ratio is systematically
increased. At H2/biphenyl ratios >14.8, essentially all
chain transfer occurs through the direct reaction of

Figure 8. First-order kinetic treatment for biphenyl conver-
sion during biphenyl/HME cohydrogenolysis at 450 °C at
various H2/biphenyl ratios. The ordinate is the natural log of
the ratio of the initial biphenyl concentration divided by the
biphenyl concentration at time t. Data points represent aver-
ages of at least two independent experiments with standard
errors expressed in the error bars shown. Experiments in plot
A were conducted using 0.45 M initial biphenyl and 0.045 M
initial HME concentrations. Experiments in plot B were
conducted using 0.23 M initial biphenyl and 0.023 M initial
HME concentrations.

Figure 9. Plot of the log of first-order rate of biphenyl
conversion during biphenyl/HME cohydrogenolysis vs the log
of H2 concentration.

-d[biphenyl]/dt ) constant[H2]
1/2[biphenyl] (1)

-d[biphenyl]/dt )
constant[HME]1/2[H2]

1/2[biphenyl] (2)
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phenyl with H2. As proposed for toluene hydrogenoly-
sis,32 chain termination through hydrogen atom (reac-
tion 14) recombination is consistent with the half-order
dependence on H2.

The rate law for biphenyl conversion during biphenyl/
HME cohydrogenolysis is defined by eq 3, on the basis
of the reaction scheme described in Figure 12. Biphenyl
conversion should be first-order in both biphenyl and
hydrogen atom. Steady-state approximation for hydro-

gen atom using reactions 13 and 14 as the predominant
hydrogen atom producing and terminating reactions,
respectively, results in eq 4. At experimental H2/HME

ratios, essentially all tert-butyl radicals will be rapidly
consumed by the reaction with H2 (reaction 13) forming
isobutane and hydrogen atom. The initial tert-butyl
radical concentration should, therefore, be controlled by
the rate of reaction 2. This results in a final rate law
shown in eq 5, consistent with the experimental obser-
vation. The constant k1(k2k13/k14)1/2 is equal to 3.8 ×

10-4 M-1 s-1. Substituting literature values for k2 (5.3
× 10-5 s-1)29, k13 (1.7 × 104 M-1 s-1)27, and k14 (1.1 ×
109 M-1 s-1)23 results in a k1 of 1.3 × 101 M-1 s-1. This
is signficantly slower than an extrapolated rate constant
based on Ritter et al.’s33 estimation of the rate param-
eters for reaction 1 at much higher temperatures (1073-
1283 K). Extrapolation to 723 K using their values
would predict a signficantly faster rate constant for k1
of 5.1 × 102 M-1 s-1. The current value for k1 is at best
a rough estimate as it reflects only current understand-
ing of hydrogen atom production during HME hydro-
genolysis and any uncertainty in previously measured
rate constants used to calculate it. Regardless, the rate
of reaction 2 is clearly the slowest step and should be
rate determining in the production of hydrogen atoms
and any concomitant biaryl cleavage. This is consistent
with the observed activation energy of 272 kJ/mol,
which is similar to the 299 kJ/mol reported for the
symmetric cleavage of HME.29
In conclusion, biphenyl hydrogenolysis is initiation

limited but occurs facily in the presence of catalytic
amounts of hydrogen atom. Once initiated, biphenyl
hydrogenolysis is first-order in biphenyl and half-order
in H2, similar to other aromatic displacement reactions.
Dimethylbiphenyl Hydrogenolysis Results. Natu-

rally occurring biphenyls will contain alkyl substituents.
The effect of alkyl substitution on neat biaryl hydro-
genolysis and biaryl/HME cohydrogenolysis was probed
using a series of symmetric dimethylbiphenyls. Con-
version and mole percent ring selectivity for neat 2,2′-,
3,3′-, and 4,4′-dimethylbiphenyl hydrogenolysis, at 450
°C, 0.45 M dimethylbiphenyl, and H2/biphenyl ratio of
7.6, are shown in Table 12. Mole percent ring selectivity
is the number of moles of rings in the particular product
divided by the number of moles of rings of dimethylbi-
phenyl reacted multiplied by 100. Mole percent ring
selectivity provides a convenient way to do a ring
balance. Mole percent ring selectivity is roughly equiva-
lent to the weight percent selectivity used for biphenyl
because no gas products are produced in biphenyl
hydrogenolysis.
All three dimethylbiphenyls exhibit higher total

conversion than biphenyl at the same conditions (3.9%),
with the extent of conversion sensitive to the structure
of the dimethylbiphenyl. The order of conversion is 2,2′

(33) Ritter, E. R.; Bozelli, J. W.; Dean, A. M. J. Phys. Chem. 1990,
94, 2493.

Figure 10. Weight percent benzene, o-, m-, and p-terphenyl,
and quaterphenyl yields vs conversion for biphenyl/HME
cohydrogenolysis at H2/biphenyl ) 7.6.

Figure 11. Ipso hydrogen atom adducts responsible for
terphenyl dephenylation.

Figure 12. Principal reactions for biphenyl/HME cohydro-
genolysis.

-d[biphenyl]/dt ) k1[H][biphenyl] (3)

-d[biphenyl]/dt )
k1(k13/k14)

1/2[t-Bu]1/2[H2]
1/2[biphenyl] (4)

-d[biphenyl]/dt )
k1(k2k13/k14)

1/2[HME]1/2[H2]
1/2[biphenyl] (5)
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> 4,4′ > 3,3′ . biphenyl. Significant levels of toluene
and benzene, the expected products of biaryl cleavage,
are observed for all three dimethylbiphenyls. The rate
of biaryl cleavage is also structure sensitive. The yields
of biaryl cleavage products are 3.7, 4.9, and 5.4 mol %
for 3,3′-, 2,2′-, and 4,4′-dimethylbiphenyl, respectively,
vs 3.2 mol % for biphenyl. In addition to biaryl cleavage,
all of the dimethylbiphenyls undergo significant dem-
ethylation to form the corresponding methylbiphenyl
and biphenyl. In addition to biaryl cleavage and dem-
ethylation, the 2,2′-dimethylbiphenyl isomer also un-
dergoes a significant amount of ring closure, forming
4-methylfluorene and fluorene. Selectivity for biaryl
cleavage vs demethylation is also sensitive to substitu-
tion for the two isomers where these are essentially
the only observed reactions. The 3,3′-dimethylbiphenyl
isomer shows a higher selectivity for biaryl cleavage
than the 4,4′-dimethylbiphenyl isomer, albeit at much
lower conversion. The relative ratios of the first-order
rates of biaryl cleavage to demethylation, during neat
hydrogenolysis, are 0.54, 0.45, and 0.42 for 3,3′-dim-
ethylbiphenyl, 4,4′-dimethylbiphenyl, and 2,2′-dimeth-
ylbiphenyl, respectively.
The addition of HME increases the overall rate of

conversion for all three dimethylbiphenyls (Table 13).
The magnitude of the increase is once again dependent
on the position of substitution. A complete reversal in
relative conversion is observed during HME cohydro-
genolysis. 3,3′-Dimethylbiphenyl, the most refractory
during neat hydrogenolysis, has the highest conversion
during cohydrogenolysis with HME. The first-order
rates of conversion are increased 4.3-, 2.1-, and 1.4-fold,
respectively, for 3,3′-, 4,4′-, and 2,2′-dimethylbiphenyl.
Specifically, the rates of demethylation and biaryl
cleavage are both enhanced for all three isomers, and
the increases are proportional to the enhancement of
overall conversion. The independence of product selec-
tivity on the presense of HME is, once again, strong
evidence that HME acts solely as an inititior of hydro-
genolysis, impacting the rate of conversion by establish-
ing the number of chains. It also indicates either very
long radical chains or that the same radical is acting
as chain initiator and as a chain carrier.
The relative selectivity for biaryl cleavage vs dem-

ethylation exhibits the same structure sensitivity ob-
served in neat hydrogenolysis, even though relative

conversions are reversed. The ratio of first-order rates
of biaryl cleavage to demethylation are 0.56, 0.43, and
0.46 for 3,3′-dimethylbiphenyl, 4,4′-dimethylbiphenyl,
and 2,2′-dimethylbiphenyl, respectively. This indicates
that the relative selectivities observed are fundamental
in nature and not simply a reflection of relative conver-
sion. Ring closure to form fluorenes remains a signifi-
cant reaction for the 2,2′ isomer. The relative selectivity
for fluorene vs 4-methylfluorene is essentially the same
as for neat hydrogenolysis at lower conversion. This
suggests that the observed selectivity is primarily a
function of the ring closure step rather than subsequent
demethylation of 4-methylfluorene. Fluorene is formed
through the ejection of methyl, while 4-methylfluorene
is formed through the ejection of hydrogen. The ob-
served selectivities for hydrogen vs methyl displacement
are 0.65 for neat hydrogenolysis and 0.60 for HME
cohydrogenolysis.
The effect of conversion on selectivity was further

confirmed by examining 3,3′-dimethylbiphenyl/HME
cohydrogenolysis at lower holding times (Table 14). The
biaryl to demethylation ratio is essentially the same at
all conversion levels. The ratios of first-order rates for
biaryl cleavage to demethylation are 0.55 and 0.57 at
30 and 60 min holding times vs 0.56 at 120 min. At a
30 min holding time, the conversion is essentially the
same as observed for neat hydrogenolysis at 120 min.
At comparable conversion levels selectivity is identical,
once again indicating that HME is acting solely as an
initiator and does not significantly affect propagation
reactions.

Table 12. Neat Hydrogenolysis of Dimethylbiphenyls at
450 °C, 2 h, and H2/Dimethylbiphenyl Mole Ratio of 7.8a

a Conversion is mol % disappearance of dimethylbiphenyl
starting material. Selectivity is 100 times the mole yield of rings
in each product divided by 2 times the number of moles of
dimethylbiphenyl converted.

Table 13. HME Cohydrogenolysis of Dimethylbiphenyls
at 450 °C, 2 h, and H2/Dimethylbiphenyl Mole Ratio of

7.8a

a Conversion is mol % disappearance of dimethylbiphenyl
starting material. Selectivity is 100 times the mole yield of rings
in each product divided by 2 times the number of moles of
dimethylbiphenyl converted.

Table 14. Effect of Holding Time on HME
Cohydrogenolysis of 3,3′-Dimethylbiphenyl at 450 °Ca

selectivity

time
(min)

total
convrn

3-methyl-
biphenyl biphenyl toluene benzene

30 15.6 ( 1.6 67 ( 6 2 ( 0.6 21 ( 3 1 ( 0.6
60 32.8 ( 2.0 62 ( 2 4 ( 0.3 25 ( 2 4 ( 1
120 54.4 ( 2.2 55 ( 2 9 ( 1 25 ( 1 7 ( 1
a [3,3′-Dimethylbiphenyl]init ) 0.45 M, [HME]init ) 0.045 M, and

7.6 H2/3,3′-dimethylbiphenyl. Conversion is the mol % disappear-
ance of dimethylbiphenyl starting material. Selectivity is 100
times the mole yield of rings in each product divided by 2 times
the number of moles of dimethylbiphenyl converted. Results
represent averages of several independent experiments.
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Neat hydrogenolysis and HME cohydrogenolysis of
3,3′-dimethylbiphenyl exhibit slightly different activa-
tion energies (Table 15). The overall activation energy
for neat hydrogenolysis is 236 kJ/mol (56.5 kcal/mol),
while the corresponding activation energy for HME
cohydrogenolysis is slightly higher at 284 kJ/mol (67.9
kcal/mol). These differences may reflect the different
initiation steps for both systems. Increased selectivity
for biaryl cleavage vs demethylation is observed as
temperature is increased. The ratio of first-order rate
constants for biaryl cleavage to demethylation is 0.61
for both neat hydrogenolysis and HME cohydrogenoly-
sis, which reflects a∼20 kJ/mol higher activation energy
for biaryl cleavage vs demethylation. The activation
energy for hydrogen atom displacement of phenyl can
be calculated to be ∼40 kJ/mol on the basis of Tsang’s
activation energy for hydrogen atom displacement of
methyl in toluene.17
Dimethylbiphenyl Hydrogenolysis Discussion.

Native and process-derived biphenyls will invariably
contain other functionalities, including alkyl substitu-
tion. Alkyl substitution makes possible competing
dealkylation and hydrogen abstraction reactions, in
addition to biaryl cleavage. Both of these side reactions
are potentially deleterious. Dealkylation results in the
undesirable production of light gases, while benzylic
abstraction forms stable radicals that could slow chain
propagation or lead to undesirable condensation reac-
tions. It is therefore important to assess the effect of
alkyl substitution on hydrogen atom induced biaryl
hydrogenolysis.
Both demethylation and biaryl cleavage are observed

in 3,3′-dimethylbiphenyl/HME cohydrogenolysis. Dem-
ethylation is faster than biaryl cleavage, but biaryl
cleavage is competitive, occurring at greater than half
the rate of demethylation. First-order kinetic analysis
of overall conversion, demethylation, and biaryl cleavage
for 3,3′-dimethylbiphenyl/HME cohydrogenolysis (Fig-
ure 13) confirms the expected first-order dependence
on dimethylbiphenyl concentration for all three. As
shown above, biaryl hydrogenolysis should be half-order
in H2. Hydrogen atom induced demethylation is also
known to be half-order in H2.6 The rate laws for de-
methylation and biaryl cleavage of dimethylbiphenyl
are, therefore, given by eqs 6 and 7, respectively. At
450 °C, kdemethylation and kbiaryl cleavage for 3,3′-dimethyl-
biphenyl during HME cohydrogenolysis are 3.0 × 10-5

and 1.6× 10-5 M-1/2 s-1, respectively. The rate of biaryl
cleavage for 3,3′-dimethylbiphenyl/HME cohydrogenoly-
sis is 3.3 times slower than for biphenyl during HME
cohydrogenolysis. Although the biaryl cleavage is slowed
by methyl substitution, the combined rate of demethy-

lation and biaryl cleavage is only 10% slower than
for biphenyl. This indicates that initiation is rate
determining and that regeneration of hydrogen atom is
fast by comparison. The shortfall in combined rate
apparently represents the amount of quenching due to
abstraction of benzylic hydrogen to form a stabilized
benzylic radical. For 3,3′-dimethylbiphenyl, benzylic
radical likely only regenerates hydrogen atom through
the direct reaction with H2, and so benzylic abstraction
will only slow the overall rate of reaction by producing
a relatively stable radical.

A plausible reaction scheme for 3,3′-dimethylbiphenyl/
HME cohydrogenolysis is shown in Figure 14, where
hydrogen atom and phenyl and methyl radicals are
chain carriers. As with biphenyl/HME cohydrogenoly-
sis, the initial formation of hydrogen atom occurs
through reactions 2 and 13. Hydrogen atom is, once
again, the entry point into dimethylbiphenyl hydro-
genolysis. Hydrogen atom addition can now occur ipso
to either phenyl (reaction 17), leading to biaryl cleavage,
or methyl (reaction 19), leading to demethylation.
Hydrogen atom regeneration occurs through the direct
reactions of phenyl and methyl radicals with H2, reac-
tions 18 and 20, respectively. Termination occurs
through reaction 14. In addition to ipso addition,
hydrogen atom can abstract benzylic hydrogen from
starting dimethylbiphenyl (reaction 21). The benzylic
radical formed by reaction 21 can undergo few plausible
reactions other than the reverse of reaction 21. As
discussed above, benzylic hydrogen abstraction from
3,3′-dimethylbiphenyl should slow overall conversion
but produce no extra products. Biaryl cleavage is
slowed in 3,3′-dimethylbiphenyl from competing ab-
straction, which globally reduces both demethylation
and biaryl cleavage, and by competition with demethyl-
ation reactions. The branching ratio for biaryl cleavage
vs demethylation favors demethylation, but not as much
as might be expected on the basis of the relative bond
energies1 for aromatic methyl (426 kJ/mol) vs biaryl (476

Table 15. Effect of Temperature on Neat and HME
Cohydrogenolysis of 3,3′-Dimethylbiphenyl at 475 °Ca

selectivity

total
convrn

3-methyl-
biphenyl biphenyl toluene benzene

neat 15.2 ( 1.5 66 ( 6 2 ( 0.6 27 ( 3 1 ( 0.6
w/HME 60.1 ( 1.1 51 ( 1 9 ( 1 26 ( 2 4 ( 1

a [3,3′-Dimethylbiphenyl]init ) 0.45 M; [HME]init ) 0.045 M; 7.6
H2/3,3′-dimethylbiphenyl; 30 min holding time. Conversion is the
mol % disappearance of dimethylbiphenyl starting material.
Selectivity is 100 times the mole yield of rings in each product
divided by 2 times the number of moles of dimethylbiphenyl
converted. Results represent averages of several indepedent
experiments.

Figure 13. First-order kinetics treatment for total conversion,
demethylation, and biaryl cleavage of 3,3′-dimethylbiphenyl
during cohydrogenolysis with HME at 450 °C and H2/biphenyl
ratio of 7.6. The initial concentration of 3,3′-dimethylbiphenyl
is 0.45 M.

-d[aryl-CH3 bonds]/dt )

kdemethylation[aryl-CH3 bonds][H2]
1/2 (6)

-d[biaryl bonds]/dt )
kbiaryl cleavage[biaryl bonds][H2]

1/2 (7)
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kJ/mol) bonds. The branching ratio is also not statisti-
cal, as both demethylation and biaryl cleavage have two
potential hydrogen atom addition sites. Similar effects
have been observed in shock wave experiments for
which measured rates for hydrogen atom displacement
of Cl, OH, NH2, and methyl in monosubstituted single-
ring aromatics also do not reflect the large disparity in
bond energies. The relative displacement rates34 at 812
°C for chlorobenzene, phenol, aniline, and toluene are
0.31, 0.51, 0.64, and 1.00, respectively, whereas the bond
strengths are 400, 464, 434, and 422 kJ/mol.2 If the
energy barrier for carbon-carbon bond breaking were
very large relative to the energy barrier for hydrogen
atom addition, then the relative rates of displacement
should vary by several orders of magnitude. Chemical
activation of the hydrogen atom adduct is one possible
explanation for the small differences in relative dis-
placement rates. Although chemical activation is pos-
sible in dilute shock waves, it is highly unlikely in high-
pressure minibomb experiments. The small differences
in displacement rates indicate that the rate of hydrogen
atom addition must be significant in determining the
observed rate of displacement.
If the rate of formation of the ipso hydrogen atom

adduct is important in determining the relative rate of
displacement, then the relative stability of the hydrogen
atom adduct should affect the biaryl cleavage vs dem-
ethylation branching ratio. The branching ratios ob-
served in the various dimethylbiphenyls appear to
reflect this. The higher branching ratio exhibited by
the 3,3′ isomer vs either the 2,2′ or 4,4′ isomer is
consistent with greater resonance stabilization of the
demethylation hydrogen atom adduct for the 2,2′ and
4,4′ isomers. As shown in Figure 15, the ipso adduct
responsible for biaryl cleavage is stabilized in only one

ring regardless of alkyl substitution. The ipso adduct
responsible for demethylation is stabilized by only one
ring for the 3,3′ isomer but is potentially stabilized over
two rings for the 2,2′ and 4,4′ isomers. While a
significant energy barrier for hydrogen atom addition
is consistent with both current and literature data, the
structure sensitivity of the branching ratio could also
reflect minor changes in the barrier height for the
carbon-carbon bond-breaking step. Changes in the
barrier height for carbon-carbon bond breaking would
result from slight thermodynamic differences in the
respective molecular and radical products of reaction
17 or 19. The molecular product of reaction 17 is
toluene for all three dimethylbiphenyls, but different
methyl-substituted phenyl radicals are formed depend-
ing on starting dimethylbiphenyl structure. These
methyl-substituted phenyl radicals could vary slightly
in thermodynamic stability; however, the observation
of similar selectivity in terphenyl dephenylation, for
which biphenyl and phenyl radicals are common prod-
ucts, indicates that the relative stability of the methyl-
substituted phenyl radical is not important in deter-
mining the biaryl cleavage demethylation branching
ratio. Methyl radical is the common product of reaction
19 for all three dimethylbiphenyl structures, so any
thermodynamic differences for reaction 19 would have
to reflect the relative energetics of the monoomethylbi-
phenyl product vs the starting dimethylbiphenyl. No
experimental thermodynamic data are available for all
of these compounds, but it is reasonable to assume that
both the 2,2′ and 4,4′ isomers would be less stable than
the 3,3′ isomer, by analogy to xylene isomer stability.
This relative stability difference might favor the dem-
ethylation vs the biaryl cleavage reaction, but if the
relative stability of the starting dimethylbiphenyl is
important in determining the branching ratio, the 2,2′
isomer should have the lowest branching ratio. This is
not observed experimentally, where the observed branch-
ing ratios for the 2,2′ and 4,4′ isomers are essentially
equivalent.
Methyl substitution also increases the rate of biaryl

cleavage during neat hydrogenolysis. As with the
relative biaryl cleavage and demethylation rates, the
magnitude of the rate enhancements is structure sen-
sitive. The rate constants, based on eq 7, for biaryl
cleavage are 5.7 × 10-6, 5.3× 10-6, and 3.8× 10-6 M-1/2

s-1 for the 4,4′, 2,2′, and 3,3′ isomers, respectively.
These rates constants are all larger than 2.8 × 10-6

(34) Cui, J. P.; He, Y. Z.; Tsang, W. J. Phys. Chem. 1989, 93, 724-
727.

Figure 14. Principal reactions for 3,3′-dimethylbiphenyl/HME
cohydrogenolysis.

Figure 15. Hydrogen atom adducts responsible for either
biaryl cleavage or demethylation of dimethylbiphenyls.
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M-1/2 s-1 for biphenyl itself. Because biaryl cleavage
has already been shown to be initiation and not propa-
gation limited, the rate increase due to methyl substitu-
tion is likely from more efficient initiation. Likely
initiation reactions are the homolytic cleavage of the
benzylic carbon-hydrogen bond as shown in reactions
22-24 in Figure 16. Increased resonance stabilization
of the benzylic radical should lower the bond energy and
thereby increase the observed rate of reaction. The
increased rates of both the 2,2′ and 4,4′ isomers are
therefore due to the fact that the benzylic radical
derived from the 2,2′ and 4,4′ isomers can be stabilized
over both rings, while the 3,3′ isomer is only stabilized
by one ring.
In addition to demethylation and biaryl cleavage, ring

closure is a significant reaction for 2,2′-dimethylbiphe-
nyl. Approximately 40% of the reacting 2,2′-dimethyl-
biphenyl undergoes ring closure to form fluorene and
4-methylfluorene. The ring-closure products are likely
derived from the benzylic radical intermediate, formed
either by homolytic cleavage of the carbon-hydrogen
bond during initiation or by bimolecular hydrogen
abstraction reactions. Ring closure through displace-
ment of either methyl (reaction 25, Figure 17) or
hydrogen (reaction 26) will lead to fluorene or 4-meth-
ylfluorene, respectively. Assuming that only a minor
fraction of the fluorene is the product of subsequent
demethylation of methylfluorene, the ratio of hydrogen
to methyl displacement during ring closure is ∼0.6. As
with demethylation vs biaryl cleavage, this rate differ-
ence is smaller than might be expected from relative
bond energies for aromatic-hydrogen (464 kJ/mol) vs
aromatic-methyl (422 kJ/mol) bonds. This indicates
that the rate of radical addition also plays a major role
in determining the rate of displacement by relatively
low-energy benzylic radicals.
In conclusion, the rate of biaryl cleavage by hydrogen

atom occurs at rates competitive with other aromatic
displacement reactions, such as demethylation. The
actual observed rate of such aromatic displacement

reactions is highly dependent on the rate of formation
and stability of the ipso hydrogen atom adduct.

Conclusions

Hydrogen atoms are produced during both pyrolysis
and hydrogenolysis of HME in high concentration
minibomb reactors. Hydrogen atoms are produced by
different mechanisms for each system. During pyroly-
sis, hydrogen atoms are produced through the unimo-
lecular elimination of atomic hydrogen from tert-butyl
radical. This is the same reaction pathway responsible
for hydrogen atom production in both high-temperature
shock waves and pulse photolysis. The hydrogen atom
production efficiency in minibomb pyrolysis is quite low
compared to shock wave and photolytic pyrolysis due
to competitive hydrogen transfer reactions. During
minibomb hydrogenolysis, hydrogen atoms are produced
by the direct bimolecular reaction of tert-butyl radical
with H2. This bimolecular path is very efficient in high-
pressure minibombs.
Hydrogen atoms, produced during HME pyrolysis and

hydrogenolysis, effect the low-temperature cleavage of
biaryl bonds. Biaryl cleavage, for both biphenyl pyroly-
sis and hydrogenolysis, is accomplished via the forma-
tion of an ipso hydrogen atom adduct followed by the
elimination of phenyl radical. In pyrolysis, hydrogen
atom is regenerated through the phenylation of starting
biphenyl. In hydrogenolysis, hydrogen atom is regener-
ated though the direct reaction of phenyl radical with
H2. Once initiated, both propagation reactions are very
fast, leading to highly efficient chain transfer. Biaryl
bond hydrogenolysis was found to be first-order in
biphenyl and half-order in H2.
The high chain transfer efficiency for biaryl hydro-

genolysis makes the observed rate very sensitive to the
presence of initiating coreactants or substituents. Core-
actants or substituents that produce hydrogen atoms
or other high-energy radicals during decomposition will
initiate biaryl cleavage. HME, a well-known shock
wave source for hydrogen atoms, is a very effective
initiator of biphenyl pyrolysis and hydrogenolysis. Bi-
aryl cleavage is also initiated to a lesser extent during
cohydrogenolysis with other alkanes. Aromatic methyl
substituents also provide effective initiation of biaryl
cleavage through homolysis of benzylic carbon-hydro-
gen bonds. The effect of methyl substitution is structure
sensitive, with the observed rate correlating with the
degree of resonance stabilization in the benzylic radical
product from initiation through side-chain carbon-
hydrogen homolysis.
Methyl substitution slows by two-thirds the observed

rate of hydrogen atom induced biaryl cleavage, prima-
rily through competition with demethylation reactions,
also induced by hydrogen atom. Although slower than
demethylation, the rate of biaryl cleavage is competitive.
The observed branching ratio for biaryl cleavage vs
demethylation ranges from ∼0.4 for 2,2′- and 4,4′-
dimethylbiphenyl to 0.56 for 3,3′-dimethylbiphenyl. The
surprisingly similar rates for biaryl cleavage and dem-
ethylation and the structure sensitivity of this ratio
indicate the relative rate of formation and stability of
the ipso hydrogen atom adduct are important in deter-
mining the observed rate of displacement.

EF9600669

Figure 16. Potential initiation reactions for neat hydro-
genolysis of 2,2′-, 3,3′-, and 4,4′-dimethylbiphenyl.

Figure 17. Ring-closure reactions for 2,2′-dimethylbiphenyl
during either neat hydrogenolysis or HME cohydrogeno-
lysis.
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