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ABSTRACT

Our research has focused on modeling the constraints on free-radical
reactions that might be imposed in coal as a consequence of its cross-linked
macromolecular structure by covalently bonding diphenylalkanes to an inert
silica surface. A surface-immobilized phenethyl phenyl ether
(,=PhCH2CH2OPh, or ==PPE-3) has been prepared as a model for ether linkages
in lignin by the condensation of p-HOPhCH2CH2OPh with the surface
hydroxyls of a high purity fumed silica. Thermolysis of =PPE-3 at
saturation surface coverage at 375 °C produces =PhCH=CH2 and PhOH as the
major products which are consistent with the proposed free-radical chain
mechanism for the decomposition of fluid-phase phenethyl phenyl ether.
However, significant quantities of ,=PhCH3 and PhCHO (ca. 18% of the
products) are p_duced indicating the emergence of a new reaction pathway
on the surface. The mechanism for the decomposition of --PPE-3 will be
discussed in light of this new information.
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INTRODUCTION

Attempts to probe the fundamental chemical reactions responsible for the
thermal conversion of coal into liquid products has been hampered by the
complex heterogeneous macromolecular structure of coal. Our efforts have
focused on modelling the impact of restricted diffusional mobility on the
thermal reactivity of coal by covalently bonding model compounds
representing structural features in coal to an inert silica surface. Thus far,
our research has focused on the thermally induced free radical
decomposition of (z, (_-diphenylalkanes (Ph(CH2)nPh where n=O-4) at 345-
400 °C.1-5 The results have shown that significant perturbations can occur
in free radical reaction mechanisms which can alter reaction rates and

product selectivities compared to the corresponding fluid phase behavior.
We now have initiated a study on the the effects of restricted mass
transport on the thermal decomposition of ether bridges which are prevalent
in low rank coals and iignites. Although ether linkages are more thermally
labile than the corresponding carbon analogues, it has been observed that
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under liquefaction conditions optimized for bituminous coals, low rank coals
and lignites afford low liquefaction yields. 6 lt has been proposed that
cross-linking reactions associated with oxygen functionaa groups (-OH,
-OCH3, and -COOH) are responsible for the low yields.S, 7 In order to better
understand the chemical reactions leading to retrograde processes, the
effects of restricted diffusion of the thermolysis of surface-attached
phenethyl phenyl ether (_PhCH2CH2OPh,--PPE-3) has been studied. Although
the thermal decomposition of phenethyl phenyl ether (PPE) has been
previously studied in the gas phase,8, 9a liquid phase, 9a and in the presence
of tetralin,8,10 hydrogen,lO,li and metal catalysts, 11 our results show that
a previously undetected free radical decomposition pathway is available for
the thermal cracking of =PPE.

EXPERIMENTAL

Surface-immobilized phenethyl phenyl ether (--PPE-3) was prepared at
saturation surface coverage by the condensation of p-HOC6H4CH2CH2OPh
(2.25 equiv) with the surface hydroxyl groups of a high purity fumed
amorphous silica (Cab-O-Sil, grade M-5, Cabot Corp., 200 m2 g-l, ca. 4.5 OH
n m-2) at 222 °C for 30 min as previously described. 1-3 The excess phenol
was sublimed from the sample by heating for 70 min at 254 °C under vacuum
(3x10-3 Torr). The surface-attached PPE was liberated from the silica as
the phenol by a base hydrolysis procedure, silylated to the trimethylsilyl
ether, and analyzed by GC and GC/MS. The surface coverage was 0.562 mmol
of -,PPE-3 per gram of derivatized silica with the purity of recovered phenol
>99.9% by GC. The starting phenol, p-HOC6H4CH2CH2OPh, was prepared in
four steps from p-HOC6H4CH:_.CH2OH by selective benzylation of the phenol
with K2CO3 and PhCH2Br in dimethyl formamide, conversion of the alcohol to
the tosylate with tosyl chloride in pyridine, base catalyzed alkylation of
phenol with the tosylate using K2CO3 and PhOH in dimethyl formamide, and
debenzylation by catalytic hydrogenolysis using Pd/C in HOAc with 10 %
H2SO4. Repeated crystallizations from benzene/hexanes afforded
p-HOC6H4CH2CH2OPh in >99.9% purity by GC.

Thermolysis of ==PPE-3 was preformed at 375 + 1 °C in T-shaped tubes
sealed under high vacuum (ca. 10-6 Torr). The volatile products were
collected as they formed in a cold trap (77 K), analyzed by GC and GC/MS,
and quantitated by the use of internal standards with measured GC detector
response factors. The surface-attached products were removed from the
silica as the corresponding phenols by a base hydrolysis procedure, silylated
to the trimethylsilyl ethers, and analyzed as above. Ali products were
identified by the mass spectra and whenever possible, by comparison with
an authentic sample.



RESULTS AND DISCUSSION

Thermolysis of --PPE-3 at 375 °C has been studied at saturation coverage
from ca. 1-17 % conversion. At low conversion, =PPE-3 cracks to from
approximately equal amounts of phenol plus surface-attached styrene
(=PhCI-I-CH2) as the major products (ca. 81 mol %) and benzaldehyde plus
surface-attached toluene (=PhCH3) as minor products (ca. 18 mol %). A
trace amount of surface-attached ethylbenzene (=PhCH2CH3, ca. 1.5 mol %)
was also detected. The conversion dependence of the products is shown in
Figure 1.

_PhCH2CH2OPh ---) =PhCH--CH2 + PhOH + --PhCH2CH3 (1)

=PhCH3 + PhCHO

Thormolysis of phenethyl phenyl ether (PPE) in the gas or liquid phase at low
conversions at 325-400 °C has been reported to yield PhOH and PhCH--CH2 as

PhCH2CH2OPh ---) PhCH=CH2 + PhOH (2)

the major products (eq 2).8, 9 Although minor amounts of PhCH3and
P hCH2CH3 have been detected, they were attributed to secondary
decomposition of PhCH=CH2. 8 However, benzaldehyde has not been reported
from the thermal decomposition of PPE in the gas, liquid phase, or in the
presence of hydrogen donors. In the thermolysis ef =PPE-3, =PhCH3 does not
appear to be a secondary product formed at the expense of the surface-
attached styrene as shown in Figure 1. The rate of decomposition of PPE in
the liquid phase at 350-390 °C is similar to that of the carbon analogue 1,3-
diphenylpropane (Ph(CH2)3Ph, DPP) 9 and can be accelerated by the addition
of benzyl phenyl ether. Likewise, the rate of decomposition of --PPE-3 at
375 °C (8.3 % h-1) is similar to that of surface-attached Ph(CH2)3Ph (,-,DPP)
at saturation coverage (7-9 % h-l). 2 Since the rates of conversion of DPP
and -,DPP are similar, surface-attachment does not perturb the initial
reaction behavior in the decomposition of _-PPE-3.

The cracking of PPE is proposed to proceed by a free radical chain
decomposition reaction, although a minor contribution from a concerted
retro-ene reaction can not be completely ruled out. 8 The decomposition
reaction is initiated by homolysis of the weak C-O bond (bond dissociation
energy estimated as ca. 63 kcai mo1-1)12 to form 2-phenylethyl and phenoxy
radicals. The radical chain propagation steps are show in eq 3 and 4.

PhO" + PhCH2CH2OPh _ PhOH + PhCHCH2OPh (3)
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PhCHCH2OPh --> PhCH-CH2 + PhO ° (4)

In the thermolysis of =PPE-3, a similar free radical decomposition reaction
can be written to explain the formation of the products (eq 5-12). The
reaction is initiated by the homolysis of the weak C-O bond. The resulting
radicals can abstract hydrogen from =PPE-3 to form a surface-attached
1-phenoxy-2-phenyl-2-ethyi radical (1) which can undergo 13-scission to
yield surface-attached styrene and the chain carrying phenoxy radical.

--.-PhCH2CH2OPh--_ =PhCH2CH2" + PhO" (5)
O

=PhCH2CH2° + =PhCH2CH2OPh ---> =PhCH2CH3 + =PhCHCH2OPh (6)
1

PhO" + =PhCH2CH2OPh---> PhOH + 1 (7)

1 -_ =PhCH=CH2 + PhO" (8)

Surface-attached PhCH3 and gas phase PhCHO can be formed by a free radical
chain process shown in steps 9-12. Hydrogen abstraction at the aliphatic
site forms 1-phenoxy-2-phenyl-l-ethyl radical (2). Although radical 1 is
estimated to be more stable than 2 by ca. 7 kcal mo1-1 ,12 there is
precedence for the competitive formation of products from the
thermodynamically less stable radical of tetralin (2-tetralyl radical)13 and
1,4-diphenylbutane (1,4-diphenyl-2-butyl radical) 14 at these temperatures.

PhO" + =PhCH2CH2OPh --+ PhOH + =PhCH2CHOPh (9)
2

--PhC, CHOPh /10/
I_h

=PhCH2_HO" --'> =PhCH2" + PhCHO (11)

___---> =PhCH3 + 1 (12a)=PhCH2" =ehCH2CH2Oeh+

=PhCH3 + 2 (12b)

Radical 2 can undergo a 1,2-phenyl shift from oxygen to carbon (eq 10).
Analogous intramo!acular 1,2-phenyl shifts have been reported in the
thermal decomposition of phenetole (PhOCH2CH3) 15 and anisole at 400 °0.16

[}-scission of the rearranged radical affords benzaldehyde and the chain
carrying surface-attached benzyl radical. Formation of =PhCH3 from C-C
homolysis of =PPE, producing =PhCH2 ° and PhOCH2 °, is predicted to be small



since the C-C bond is estimated to be ca. 7 kcal mo1-1 stronger than the
corresponding C-O bond in PPE. 12 Furthermore, no anisole (from hydrogen
abstraction by PhOCH2") or benzyl alcohol (from 1,2-phenyl shift and
hydrogen abstraction by PhCH20") was detected. Additional evidence for
this previously undetected free radical pathway for the thermal degradation
of PPE is found in the thermolysis of the =PhOCH2CH2Ph (=PPE-1) at 375 °C
in which =PhOH and PhCH-CH2 are formed as the major products (c3. 80 mol
%) and =PhCHO and PhCH3 are formed as the minor products (ca. 20 mol %)
indicating a similar free radical chain mechanism as described in steps 5-
12 is occurring. 17

At this point, it is unclear whether the additional mechanistic steps (eq 9-
12) required to rationalize the product distribution from the thermolysis of
=PPE are a consequence of restricted diffusion, or an undetected reaction
pathway in the thermolysis of liquid phase PPE. However, these reactions
may explain the formation of toluene at low conversions and the formation
of 1,2-diphenylethane and benzyl phenyl ether at higher conversions
(termination reactions of PhCH2") which are reported for the thermal
decomposition of PPE. 8 These steps may also be participating in the
thermal decomposition of the homopolymers of 4-allylphenol and eugenol,
which contain 13-ether types linkages.18,19 The previous mechanism for the
decomposition of PPE (steps 3 and 4)9 could not explain the formation of
Cl-phenol and catechol (cresol, m/e 108 and 2-methoxy-4-methylphenol,
m/e 138). However, by inclusion of reactions analogous to those in steps 9-
12, a reasonable free radical chain pathway is available for formation of
these products.

CONCLUSIONS

Covalent attachment of organic compounds to an inert silica surface has
proven useful in modeling the effects of restricted substrate diffusion on
free radical decomposition reactions which may occur in coal as a
consequence of its cross-linked macromolecular structure. Thermolysis of
surface-attached phenethyl phenyl ether, as a model for ether linkages in
lignin, has shown a previously undetected pathway for the free radical chain
decomposition of PPE which affords surface-attached toluene and gas phase
benzaldehyde. Additional studies into the role of the radical rearrangements
and the origin of this new decomposition pathway in the thermal
decomposition of =PPE are currently under way.
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