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Cleavage of Biphenyl Moieties: An Efficient New Reaction Pathway
in Catalytic Hydrocracking

Catalytic hydrocracking is a flexible pro-
cess for the production of a wide range of
upgraded products from heavy gas oils. Its
key distinction from catalytic cracking is the
production of valuable distillate products,
in addition to gasoline, as a result of the
consumption of hydrogen. Efficient use of
the process hydrogen is an important eco-
nomic goal that motivated our work (7, 2)
on the hydrocracking pathways, kinetics,
and mechanisms of polynuclear aromatics
(PNA’s).

The catalytic hydrocracking of PNA’s
that contain only six-carbon-membered-
rings, such as anthracene, phenanthrene,
and naphthalene, proceeds by the classical
pattern (3-5) of terminal ring saturation fol-
lowed by isomerization, ring opening, and
dealkylation to vyield lower molecular-
weight aromatic products and light gases
(e.g., C,). This pathway represents a poor
utilization of process hydrogen and feed,
and it poses a challenge for researchers to
discover alternatives.

The hydrocracking of the five-carbon-
membered-ring-containing PNA  fluor-
anthsene (1) is qualitatively different from
the classical pattern (I). A major reaction
pathway involves hydrogenation to give tet-
rahydrofluoranthene, center ring opening to
give phenyl tetralin, and biphenyl cleavage
to give tetralin and benzene:
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The remarkable selectivity of this path-
way (giving no light gases) and reduced hy-
drogen consumption led to the mechanism
proposed in Fig. 1. This mechanism includes
protonation of (III) followed by an internal
1,5-hydride shift to afford the carbenium ion
111", of III, represented in the benzylic
form. A 1,3-hydride shift of a resonance
form of III™ affords benzene and a car-
beniumion IV ™, the deprotonation of which
leads to an intermediate, dialin, which is
rapidly hydrogenated to yield tetralin. The
noteworthy reaction in the sequence of Fig.
1, which is a net 1,5-shift of the benzylic
hydride to the ring bearing the positively
charged carbon, evidently takes place (not
necessarily as an elementary step) along a
molecular topology that includes a strong
biphenyl linkage. This suggests an apparent
structural moiety for efficient cleavage of
strong biphenyl linkages, which otherwise
would require prior hydrogenation. Thus,
we have investigated the catalytic hydro-
cracking of molecules that either contain
this structural moiety, or can react to form
1t.

Experiments were done to determine the
hydrocracking pathways and Kkinetics of
9-ethyl fluorene, 9-phenyl anthracene, and
2-phenyl naphthalene in the presence of
an  equilibrated  Ni-Mo/Al,O;-catalyst-
containing ultra-stable Y-Zeolite (2) at
310-380°C and 153 atm. Experimental meth-
ods are reported elsewhere (I, 2). In brief,
hydrocracking reactions took place in a
batch autoclave or in batch agitated tubing
bombs. Experiments conducted in the
stirred batch autoclave were in the presence
of hexadecane solvent. No solvent was used
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T1G. 1. Proposed mechanism for the efficient cleavage of biphenyl linkages; some of the reactions

may not be elementary steps.

(II1+)

in the 10-cm’® agitated tubing bombs. For
both types of experiments, the catalyst was
ground to 80-100 mesh. It was presulfided
with 90% H,/10% H,S flowing at 30

Product Selectivities (yield/conversion) for Hydrocracking of 2-Phenyl Naphthalene (2-PN), 9-Phenyl
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c¢cm?(STP)/min for 2 h at 400°C and 1 atm.
Gas chromatography and gas chromatogra-
phy/mass spectrometry were used to iden-
tify liquid-phase reaction products.

TABLE 1

Anthracene (9-PA), and 9-Ethyl Fluorene (9-EF) with NiMo/ALO;-USY-Z, 350°C and 153 atm

Reactant

2-PN

2-PN

2-PN

2-PN

9-PA

9-PA

9-PA

9-PA

9-EF

9-EF

9-EF

9-EF

t, min
Conversion of reactant

Biphenyl cleavage products
1,2,3,4-tetrahydroanthracene
1,2,3,4-tetrahydronaphthalene
n-propyl benzene
benzene

Center ring cleavage products
2-n-propyl biphenyl

Isomerization products
1-phenyl naphthalene
5-phenyl-1,2,3 4~

tetrahydronaphthalene
9-ethyl iso-hexahydrofluorene

Hydrogenation products
6-phenyl-1,2,3 4-

tetrahydronaphthalene
2-phenyl-1,2,3,4-

tetrahydronaphthalene
9-phenyl-9,10-dihydroanthracene
9-phenyl-1,2,3,4~

tetrahydroanthracene
9-pheny! octahydroanthracenes
9-ethyl hexahydrofluorene

Other products
9,10-dihydroanthracene
octahydroanthracenes
ethyl benzene
toluene

Overall mass balance

10
0.031

0.355

0.323

0.419
0.000

1.677

0.387

1.067

23
0.313

0.121

0.153

0.089
0.000

0.482

0.128

0.992

30
0.392

0.158

0.176

0.092
0.036

0.564

0.138

1.064

61
0.719

0.295

0.292

0.057
0.058

0.498

0.067

1.192

5
0.625

0.016

0.090

0.666
0.157

0.000

0.032
0.016

0.985

10
0.875

0.019

0.142

0.509
0.142

0.007

0.055
0.029

0.914

32
0.982

0.063

0.360

0.193
0.153

0.031

0.066
0.091

0.958

62
1

0.045

0.572

0.029
0.062

0.030

0.025
0.205

0.968

119
0.331

0.060
0.045

1.076

167
0.332

0.060
0.060

0.738

249
0.434

0.069
0.069

388
0.659

0.127
0.121

0.127
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FiG. 2. Hydrocracking pathways of fluoranthene, 2-phenyl naphthalene, 9-phenyl anthracene, and
9-ethyl fluorene catalyzed by NiMo/Al,0:-USY-Z. The pseudo-first-order rate constants shown in
parentheses are for reaction at 350°C. The rate constants have dimensions of cm’ solution/(g of cat-

alyst - s).

The results are summarized in Table I,
which lists product selectivities at various
conversions. The products are organized
into groups representing those resulting
from formal biphenyl cleavage, center ring
cleavage, isomerization, hydrogenation,
and other reactions. Inspection of Table 1
reveals that 2-phenyl naphthalene, 9-phenyl
anthracene, and 9-ethyl fluorene each un-
derwent the biphenyl cleavage pathway.

The importance of the apparent 1,5-shift
pathway leading to biphenyl cleavage is
most clearly shown by the reaction net-
works and kinetics. These are summarized
in Fig. 2, parts a~d, for fluoranthene, 2-
phenyl naphthalene, 9-pheny! anthracene,
and 9-ethyl fluorene, respectively. Compari-
son of the quantitative reaction network for
fluoranthene with that for 2-phenyl naphtha-

lene illustrates an important point: The 1,5-
shift is kinetically more significant in the
fluoranthene network, presumably because
of its high hydrogenation selectivity to
5-phenyl tetralin, which incorporates the
crucial moiety for the 1,5-shift. In the hydro-
cracking of 2-phenyl naphthalene, however,
the hydrogenation includes a significant
route to 2-phenyl tetralin, which can crack
via protonation of the phenyl ring and de-
alkylation of a secondary alkyl carbenium
jon, which ultimately affords tetralin. This
pathway is akin to that of cumene dealkyl-
ation and competes with the 1,5-shift.
Similarly, the hydrogenation of 9-phenyl
anthracene to  give  9-phenyl-9,10-
dihydroanthracene is faster than the hydro-
genatjon to give tetrahydro-9-phenyl anthra-
cene. The former allows the classical route
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Fic. 3. Examples of efficient hydrocracking of biphenyl linkages: chemical moieties that are
susceptible to the net 1,5-hydride shift are shown in boldface.

that is akin to the cumene dealkylation
route, and the latter allows the 1,5-shift
route. 9-Ethyl fluorene undergoes proton-
ation and f-scission to open the center five-
carbon-membered ring and then cleavage of
the 2-propyl biphenyl intermediate.

The observed biphenyl bond cleavage
pathways are organized by the grid of Fig.
3 in a hierarchical manner that aligns the
members of each pathway according to their
proximity to the biphenyl bond cleavage.
Thus the rows of Fig. 3 correspond roughly
to the molecules designated in Eq. (1) (I, II,
III, and IV).

Inspection of Fig. 3 reveals the essential
moiety for efficient biphenyl cleavage. The
hydrocracking of 9-ethyl fluorene begins in
row II, where center ring opening leads to
propyl biphenyl, which cracks to give pro-
pyl benzene and benzene. The sequence is
consistent with the reactions of Fig. I,
namely, phenyl ring protonation of III fol-
lowed by a net 1,5-hydride shift from the
propyl group. The resulting carbenium ion
has several canonical forms, one of which
is formally susceptible to the 1,3-hydride

shift that affords benzene and a carbenium
ion that can be deprotonated to give an ole-
fin, which is rapidly hydrogenated to give
propyl benzene.

The biphenyl cleavage pathway for 9-phe-
nyl anthracene (9-PA) begins in row 1. 9-
PA is hydrogenated to give 9-P (9,10-DHA),
which in turn is hydrogenated to give 9-P
(THA). Highlighted in Fig. 3, in row II1, is
the essential moiety for efficient cracking of
the biphenyl bond of 9-P-THA. The forma-
tion of THA and benzene is evidence of this
efficient cleavage.

The efficient cracking of 2-phenyl naph-
thalene begins in row I with isomerization
to give 1-phenyl naphthalene. Hydrogena-
tion to give phenyl tetralin, in row III, cre-
ates the essential moiety for biphenyl bond
cleavage, as described above for the reac-
tion of fluoranthene.

A test of the generality of the observations
summarized here is provided by results ob-
tained in experiments with reactants that
did not give evidence of the efficient bond
cleavage pathway. Fluorene, for example,
underwent ring opening to give 1-phenyl tol-
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Fi1G. 4. Proposed mechanism illustrating the essential structural moiety for biphenyl cleavage via
1,5-hydride shift, B-scission, olefin formation, and hydrogenation.

uene, which contains the benzylic hydride
but not the essential 8 saturated carbon at
which deprotonation to give the olefin
allows hydrogenation to the final alkyl-
substituted product (6). Methyl biphenyl
likewise suffers from the same structural de-
ficiency, and was not converted by the
cleavage pathway.

The foregoing mechanistic points are
summarized in Fig. 4. All the molecules in
row III of Fig. 3 share the essential moiety
(I11) of Fig. 4, which can be protonated (step
1) to give IIT". This intermediate in turn can
undergo the 1,5-hydride shift (step 2) to give
III'. Resonance form III; formally under-
goes the 1,3-hydride shift that effects biphe-
nyl cleavage to give the stable secondary
benzylic carbenium ion III;. Fragment
117 is then deprotonated in step 6, and the
resulting olefin is hydrogenated in step 7
to afford the final observed product. The
structural deficiencies of fluorene and
methyl biphenyl deny them access to steps
6 and 7 and therefore the efficient biphenyl
cleavage pathway.

The reaction paths of Eq. (1) and Fig. 3
have important implications for hydrocrack-

! Only one of the possible mechanisms for the migra-
tion of hydrogen is shown.

ing processes: They represent a selective
and hydrogen-efficient cleavage of strong
bonds to give highly aromatic products.
They also confirm the need for a delicate
balance of olefinic and paraffinic structural
functionalities in the hydrocracked mole-
cule (3); the balance in the reactivities is
influenced by the balance of metal (hydroge-
nation, dehydrogenation) and acidic (isom-
erization, B-scission) functions of the cata-
lyst. In addition, the results of this work
suggest that controlled alkylation of feed
stocks containing biphenyl linkages could
improve process selectivity.

NOMENCLATURE

9-PA 9-phenyl anthracene
9-P(9,10-DHA) 9-phenyl,9,10-dihydro-
anthracene
9-P(THA) 9-phenyl-tetrahydro-
anthracene
THA tetrahydroanthracene
2-PN 2-phenyl naphthalene
9-EF 9-ethyl fluorene
NiMo/AlO5- industrial lined-out
USY-Z catalyst containing

NiMo supported

onto an alumina

binder containing
USY-Zeolite
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