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The exchange and hydrogenolysis (deuteriumolysis) of thiophene, 2-methylthio-
phene, 3-methylthiophene, 25-dimethylthiophene, furan, and y-picoline were ex-
amined over a Mo/y-alumina catalyst. The exchange of thiophene, and v-picoline
were examined over y-alumina, Mo/y-alumina and CoMo/y-alumina catalysts. Three
types of exchange functions seem to exist in the last two catalysts, random exchange
and multiple exchange on y-alumina and e-exchange on Mo. Poisoning with picoline
and water suppresses y-alumina type exchange but not a-exchange and desulfuriza-
tion. Multiple exchange is correlated with hydrogenation/dehydrogenation activity
and a-exchange is correlated with desulfurization. 7-Complex formation seems im-
portant in multiple exchange but methyl group exchange requires, in addition,
heteroatom activation. The role of Co may be to facilitate surface hydrogen mobility

and thereby decrease coke formation.

InTRODUCTION

Despite massive developmental accom-
plishments leading to elegant practical
applications, fundamental mechanistic
understanding of heterogeneous catalytic
hydrogenolysis reactions is scarce. The ex-
perimental problems associated with po-
tentially capricious catalyst character tend
to undermine confidence in data and ob-
scure mechanistic interpretation. Neverthe-
less, one commercially valuable hydro-
genolysis reaction, hydrodesulfurization
(HDS), has been examined in some detail.
Frequently, thiophene has been used in
such studies because of its presence in pe-
troleum and its high activation energy for
reaction.

Work reviewed through 1957 (1) reveals
various opinions about the exact sequence of

steps involved in HDS of thiophene. One
group favors ring saturation (hydrogena-
tion) as the first process (2-4) and another
supports ring opening to form 1-butadiene-
thiol (5). More recently the theory of
initial C-S bond cleavage leading to hy-
drocarbons and H,S as the only desorbed
products has been advanced (6-12). Con-
comitant exchanges between thiophene (13)
and deuterium and pyridines (14) and
deuterium have been examined on catalysts
related to the commercial variety, and a
series of studies examining catalyst com-
position, structure and reactivity have em-
ployed water and pyridine poisons to fur-
ther elucidate mechanistic details (15-17).

Because of the available background in-
formation, the industrial importance of hy-
drogenolysis reactions and the dearth of
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detailed molecular mechanistic under-
standing, we undertook exploratory experi-
ments aimed at deciphering the nature of
surface species involved in hydrodesulfuri-
zation. In fact we extended the studies
somewhat to C-O and C-N bonds. In this
paper, therefore, we report studies on the
exchange and hydrogenolysis (deuterium-
olysis) of thiophene, 2-methylthiophene, 3-
methylthiophene, 2,5-dimethylthiophene
and the exchange of furan and vy-picoline
(4-methylpyridine).

EXPERIMENTAL

Apparatus

The experimental apparatus was similar
to that previously described (18-22). The
reaction/analytical train consisted of a
stainless steel microreactor (5.5 X 14 in.
1.d.), heated by a furnace (Lindberg, Hevi-
duty types 54356A) and connected to a
Varian 90-P gas-liquid chromatograph
(GLC). Carrier gas (hydrogen or deu-
terium) entered the reactor through a pre-
heat section of 14 in. stainless steel tubing
and passed into the GLC column (20 ft X
14 in. containing 14 of its length as di-
octylphthalate, 14 as tricyanoethoxypro-
pane and 14 as Carbowax 4000, all 15% on
60-80 mesh Chromosorb W). Sample in-
jection ports were located before the pre-
heat section and after the reactor. The
empty reactor did not catalyze HDS at
400°C. In a typical experiment a sample
of catalyst was packed in the reactor be-
tween two glass wool plugs and heated to
400°C under flowing hydrogen for 12 hr.
Before adjusting to reaction conditions
several samples of thiophene (30-100 gl
total) were injected through the reactor
to sulfide the catalyst. After adjusting to
reaction conditions samples were injected
through the reactor and GLC separated
products were trapped for mass spectral
and NMR analyses by condensation in
liquid nitrogen cooled glass traps. With
deuterium as a carrier gas negative GLC
peaks revealed the presence of hydrogen;
therefore, the minimum temperature of ex-
change could readily be detected.

Materials

Three different catalysts were tested.
Catalyst A was a sample of molybdenum
oxide on alumina pellets found in V. L
Komarewsky’s old laboratory at Illinois
Institute of Technology and manufactured
by Edgal Corporation. Chemical analysis
revealed 10.5% by wt Mo. It was crushed
and material passing through a 60 mesh
sieve was packed in the reactor. A pressure
of 40 psi was required to maintain a 60
ce/min H, flow rate.

Catalyst B was a sample of activated
y-alumina extrudate (Girdler T-126) fur-
nished by Chemetron Corporation. It was
crushed and sieved to 60-80 mesh for use
in the reactor. Catalyst C was a sample of
6% Cobalt molybdate on y-alumina ex-
trudate (2.5% Co, 13.5% Mo) furnished by
Davison Division of W. R. Grace and Co.
It was crushed and sieved to 60-80 mesh. A
pressure of 10 psi H, or D, was required to
maintain 60 cc/min flow rate for both
Catalysts B and C.

Deuterium gas, 99.7% was purchased
from Liquid Carbonic and Stohler. The
thiophenes and furan were obtained from
Matheson Coleman and Bell while -
picoline (98%) was purchased from Aldrich
Chemical Co. Furan was twice distilled and
v-picoline once distilled before use. The
other compounds were used as received.

Resvrrs

Molybdenum Oxide on y-Alumina
(Catalyst A)

Initially it seemed best to use a catalyst
less complex than the commercial variety
so that a comparison might reveal indi-
vidual and/or synergetic effects of differ-
ent components.

Following an initial 24 hr heating at
400°C under H, (60 cc/min) several sam-
ples of thiophene were injected over the
catalyst. Since total conversion of thio-
phene initially occurred (butane and bu-
tenes but no H,S passed through the gas
chromatograph), the amount of catalyst
used (1.8 g) was sufficient for every mole-
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cule of thiophene to make surface contact.
After many injections of thiophene the ac-
tivity decreased to about 90% conversion
at 400°C. At 200°C only a trace of con-
version occurred. The latter temperature/
conversion but not the former are in agree-
ment with the work of Schuit and Lipsch
(17) who found only about 40% thiophene
conversion at 400°C over a commercial
catalyst. In good agreement, however, Am-
berg and Owens found 100% conversion at
350°C and 1% at 186°C over another com-
mercial catalyst. We did not attempt to
determine the nature and percent of each
of the hydrocarbon products.

The carrier gas was changed to D, and
thiophene was passed over the catalyst at
160, 200 and 300°C. Large negative GLC
peaks indicated the presence of hydrogen
and, hence, massive exchange. Samples
were collected and mass spectral analyses
revealed deuterium distributions shown in
Table 1. Similar to the findings of Kemball
and Kieran (13) over MoS,, dideutero-
thiophene forms at the lower temperatures.
At 300°C perdeuterothiophene predomi-
nates. NMR analyses of the 200°C sample
showed positions 2 and 5 to contain most
deuterium. Because Amberg and Desikan
(9) {found-rate differences between thi-
ophene and its two monomethyl deriva-
tives, we examined the exchange of 2- and
3-methylthiophene and 2,5-dimethylthio-
phene at 200°C (Table 1). No hydrodesul-
furization of the methylthiophenes oec-
curred under these conditions and mainly
5-deutero-2-methylthiophene, 2,5-dideu-
tero-3-methylthiophene and 3,4-dideutero-
2,5-dimethylthiophene dominated. Minor
amounts of deuterium enter a-methyl but
not B-methyl. Furan was exchanged for
comparison (no deuteriumolysis) and, al-
though less exchange occurred, 2,5-dideu-
terofuran was the most exchanged species.
4-Picoline was exchanged at 200°C (no
deuteriumolysis) and the temperature was
then increased to re-examine furan at
260°C. Again no hydrogenolysis of furan
occurred but the odor of 4-picoline was
detected at the GLC exit. Mass spectral
analysis of the 260°C exchanged furan
simultaneously revealed the exchange pat-
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tern of the contaminating 4-picoline (Ta-
ble 1). This slowly eluted picoline con-
tained more deuterium than that previously
trapped; both patterns differed substan-
tially from random distributions and NMR
analysis of the initial sample suggested the
following distribution: d, and d, contain
deuterium at the 2 and 6 positions, d;, d.
and d; contain deuterium in the methyl
group as well as positions 2 and 6 and ds
and d; contain deuterium also at the 3 and
5 positions. These results are similar to
some of those of Wells and Moyes for pyri-
dine and 2-methylpyridine (14). When
Catalyst A was removed from the reactor
it was greyish-black indicating moderate
coking.

y-Alumina (Catalyst B)

Catalyst A was replaced with y-alumina
(Catalyst B) to determine its activity for
exchange. After pretreatment with H, at
400°C for 12 hr. the carrier gas was
switched to D,. Injections of thiophene
over the catalyst resulted in no negative
hydrogen peak at 200°C and none at 300°C
but when the temperature was increased to
400°C a broad negative peak signalled
desorption of the hydrogen which had been
exchanged out of the thiophene samples at
200°C and 300°C. Injections of thiophene
at 400°C produced hydrogen peaks with
long tails. Mass spectral analyses con-
firmed exchanged at both 200°C and 300°C
as well as 400°C (Table 2) but the pat-
terns are considerably different from those
obtained over Catalyst A. In fact the oc-
currence of deuterated species higher than
d, suggests the presence of saturated com-
pounds. Several samples of y-picoline were
next injected over the catalyst and after it
seemed that all of the picoline had desorbed
two samples of thiophene were passed over
the catalyst. The y-picoline and thiophene
mass spectral analyses are in Table 2. It
turned out that a small amount of picoline
eluted with the thiophene; not enough,
however, was collected for a reliable mass
spectral analysis. No desulfurization of
thiophene was observed on catalyst B un-
der any conditions.
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TABLE 2
PERCENT DEUTERATED SPECIES OF VARIoUs HETEROCYCLES ExcHANGED OVER
Gamma-ArumiNa Caravyst (1.5 g catalyst, 60 cc/min Ds at 10 psi; 25 ul sample size)

Thiophene 4-Picoline
200°C 300°C 400°C 400°C 400°C
Ran.s  Exp.t Ran.e  Expt Ran.e  Expb Ran.e  Expbre Ran.e  Expt

dy 6.5 10.6 3.3 13.7 .3 1.6 10.2 14.0 .01 0
d; 25.5 18.0 17.7 26.1 3.5 6.5 31.4 23.8 0.2 0
d» 37.5 38.7 35.8 17.1 18.2 29.0 36.2 42.3 1.5 0.6
d, 25.5 27.9 32.3 6.7 41.9 20.8 18.6 16.5 7.0 3.2
d, 6.0 4.8 11.0 32.3 36.1 31.4 3.6 4.0 18.2 16.7
ds - 0 — 4.0 — 7.0 — 0 31.7 47.6
ds — 0 — 0 — 3.8 — 0 29.0 26.0
d: — 0 — 0 — 0 — 0 11.4 6.0
dave — 1.98 — 2.30 — 3.10 — 1.74 — 5.13

¢b Footnotes a and b same as in Table 1.

¢ After picoline treatment.
Cobalt Molybdate on y-Alumina Adsorption

(Catalyst C)

After the standard pretreatment in H,
carrier gas, six samples (25 ul each) of thi-
ophene were passed over the catalyst at
400°C; approximately 80% thiophene con-
version occurred in each case. The tempera-
ture was lowered and the minimum tem-
perature for conversion was found to be
180°C. The carrier gas was changed to D,
and exchanged thiophene samples were col-
lected at 200°C and 300°C (Table 3). 4-
Picoline was passed over the catalyst at
300°C and before it completely desorbed a
sample of thiophene was injected and col-
lected (Table 3). After all of the thiophene
had desorbed, another sample of picoline
was collected and analyzed (numbers in
parentheses in Table 3). The carrier gas was
changed back to H, and the catalyst flushed
for 12 hr at 400°C to remove all traces of
picoline. After changing back to D, the
temperature was adjusted to 300°C and 25
ul of D,0 was injected. Before the water
had desorbed, a sample of thiophene was
injected and collected. For comparison the
experiment, was repeated with H,O. A char-
acteristic hydrogen peak revealed exchange
of H,O; however, the exchange patterns of
thiophenes in both experiments were very
similiar as shown in Table 3.

Although little effort was made to obtain
quantitative data on catalyst retention of
samples, the following qualitative observa-
tions were made: (1) retention increased
at lower temperatures, (2) pronounced tail-
ing of the butenes revealed their stronger
adsorption on the catalysts than thiophene,
(3) desorption seemed to be slower in D,
than in H,, (4) adsorption of the thio-
phenes decreased in the order 2,5 dimethyl
> 2-methyl > 3-methyl > thiophene, (5)
the extent of adsorption of thiophene and
4-picoline on the different catalysts de-
creased in the order B > A > C, and (6)
on catalyst C at 300°C H,O was retained
7 min compared to 3 min for thiophene and
about 1 min for H,.

DiscussioN

Exchange Patterns

Comparing an exchange pattern to a
random pattern aids mechanistic diserim-
ination. For example, if the exchange pat-
tern of thiophene matched the random
pattern, it could be said that each hydrogen
exchanged independently and with the
same activation energy. Therefore, in the
tables we have tabulated random distribu-
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tions for every case and would draw atten-
tion to the following points. At low tem-

peratures, the exchanges on y-alumina and
cobalt molvbdate catalvsts show a

20y 2eale Calaly S0

ten-

voil

dency towards a random distribution. That
a random distribution at 400°C on vy-alu-
mina may be masked by multiple exchange
(i.e., perdeutero) is shown by the pattern
on the picoline-poisoned y-alumina. At the
higher temperature on Mo/y-alumina the
pattern becomes more random as multiple

ovohanoe hapames mingn

L dominant
CXLilgilge 0clOIMes adlnimarliv.

The 3,4 »x p051-
tions in 2,5-dimethylthiophene are ran-
domly exchanged as are the 2,5-positions in
furan, which suggests stepwise exchange of
the set rather than pair exchange. Presum-
ably the 2 5-positions of thiophene are also
randomly exchanged but with a lower ac-
tivation energy and this accounts for the
large amounts of d. in thiophene and
3-methylthiophene.

At 200°C the amount of d. decreases on
the different catalysts in the order Mo/y-
alumina > CoMo/y-alumina > y-alumina.
Mo /-

temperatures Mo/y-
alumina favors exchange of only the 2,5-
positions of thiophene and resembles furan
exchange at 200°C. These facts suggest a
difference between Mo/y-alumina and the
other two ecatalysts. This difference seems
to be related to the multiple exchange
function,

Multiple exchange is favored at the
higher temperatures and decreases on the
different catalysts in the same order as d.
at 200°C. That two catalytic functions
exist on each catalyst, but to different ex-

lower tomneraturegs
av 10wer

Raneoinglly at
LSPCLiansy

tents, is revealed by the effects of poisoning
by picoline and water. Both inhibit multi-
ple exchange and enhance (relatively)
dideutero-exchange when it is allowed (on
catalysts A and C). Since pyridines do not
affect desulfurization as greatly as hydro-
genation (10, 17), it seems reasonable to
relate multiple exchange to hydrogenation
the

anlfurization

at da Qna:nﬁna”v
not aGesuLiuriZavion. (=723

but ecific
multiple exchange (and hence hydrogena—
tion/dehydrogenation) activity seems to
predominate on y-alumina while desulfuri-
zation is obviously a function of the Mo.
Strong support for this comes from Kem-

ball’s exchange of thiophene on MoS;; little

multiple exchange and hydrogenation oc-
cur (13).

Mechanistic Considerations

Clearly the easiest process for all of the
heterocycles to follow on the Mo contain-
ing catalysts is e-exchange. This confirms
previous conclusions that the adsorption
may occur via the heteroatom (14, 17).
Multiple exchange and desulfurization
seem to require about the same activation
energies In our experiments. The poisoning
experiments, however, show they are not
steps in the same sequence but probably
occur on different reaction sites.

At least three different reaction sites
seem to exist. On «/-qlnmwnn a site for low

SCLII L0 XIS, AWl Sive 1UL

activation energy random exchange is pres-
ent as is a site for multiple exchange/hy-
drogenation requiring higher activation
energy. Picoline poisoning ecliminates the
Iatter sites which, presumably, are strongly
acidic (10). On the Mo containing catalysts
an additional function seems to exist,

anapifin ta A_ovohanoe and dacnilfurieation
Speciiic 10 a-€XCnange ana aesuiiurization.

Picoline poisoning on these catalysts seems
not to destroy these abilities while retard-
ing the y-alumina multiple exchange/hy-
drogenation ability. Water seems to en-
hance dideutero-exchange at the expense
of random and multiple exchange. There-
fore, it seems that water poisons both funec-
tions of y-alumina. Schuit, for example,
found water poisoning had a small effect
on desulfurization and a larger effect on
butene hydrogenation (17). It seems, there-
fore, that dideutero-exchange and desul-
f'nrvmhnn are related. It appears, R]Qn that
hydrogenatlon/dehydrogenatlon 51tes and
multiple exchange sites are related. This
apparently contradicts Sehuit’s conciusion
that hydrogenation and desulfurization oc-
cur on the same site at high temperatures
(17). Schuit also observed hydrogen ad-
sorption below 200°C and rationalized
butene hydrogenation at that temperature
by assuming interaction with molecular
gaseous H,. We observed thiophene ex-
change at 200°C which suggests that al-
though no vacant sites exist for hydrogen
adsorption at that temperature, a hydrogen
acceptor can take hydrogen (deuterium)
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from the surface and make space for gase-
ous hydrogen (deuterium) to adsorb. Dis-
proportionation might also be considered
as a possibility.

A plausible reaction sequence would be
(1) adsorption at the heteroatom, (2) ran-
dom e-exchange by a “rocking” motion,
and (3) rupture of the carbon-heteroatom
bond. We cannot clearly distinguish be-
tween an addition-abstraction and an ab-
straction—addition mechanism for a-ex-
change and desulfurization (13, 14).
Through another pathway, (4), multiple
exchange, random exchange and hydro-
genation occur. These may involve w-com-
plexes (14, 22) on y-alumina. Where ring
w-electron density is highest, picoline, the
possibility for w-complexing increases and
multiple exchange is large. Where ring elec-
tron density is lowest, furan, no multiple
exchange oceurs. Tlat adsorption in a =-
complex would also bring methyl groups
close to the surface.

Methyl exchange oceurs when methyl is
e or y but not B to the heteroatom. This is
most pronounced in the picolines. Wells
and Moyes found methyl exchange in -
picoline but not in g-picoline (14). We
find methyl exchange in y-picoline. Al-
though these results were obtained over
different catalyst systems their resemblance
to methyl group acidities in picolines is
inescapable. It seems therefore that, at
least in the case of picolines, the ability to
form a w-complex is not the only necessary
eriterion  for methyl group exchange.
Methyl group activation by the heteroatom
seems also to be a necessary factor. To a
much lesser extent methyl exchange occurs
in the a-methyl thiophenes but here the
heteroatom does not increase lability of
methy! hydrogens.

("oking

If desulfurization, a hydrogen-consuming
reaction, occurs on Mo (or molybdenum
sulfide) and hydrogenation/dehydrogena-
tion occurs on y-alumina, then a hydrogen
deficiency at Mo could result in dehydro-
genation of adsorbed hydrocarbons on
nearby y-alumina leading to coke. Since
y-alumina strongly retains exchanged hy-
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drogen in contrast to the other two cata-
lysts, it seems possible to ascribe to Co [or
cobalt aluminate (16)] the role of facilitat-
ing surface hydrogen mobility and, hence,
decreasing the possibility of coke formation.
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