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Abstract

The deuterodesulfurization (DDS) of thiophene was investigated over PbMo,S; at 400°C using a flow-microreactor. Evidence
indicates that 1,3-butadiene (BDE) is the first desulfurized product; its deuterium content was established by 2H NMR and mass
spectrometries. At different levels of thiophene conversion (0.86-10.2%), the amount of deuterium incorporated into BDE
remains constant at 3.47 D atoms per BDE molecule. Unconverted thiophene incorporates 0.42 D atoms at 10.2% thiophene
conversion but only 0.05 D atoms at 0.86% conversion. Reaction of 2,5-dihydrothiophene (2,5-DHT) with D, at 400°C over
PbMo,S; liberates BDE as the only hydrocarbon product. This BDE incorporates no deuterium. Thiophene and H,S effectively
inhibit both BDE hydrogenation and deuterium exchange. The results indicate that during the DDS process, a total of 3.2
deuterium atoms are incorporated into the BDE; 0.83 D are in the D ,-position while 1.2 D are in each of the Dg-and D¢-positions.
Several HDS mechanisms proposed in the literature are consistent with these results; two are not. Details of all of these
mechanisms are discussed.
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1. Introduction 3

/ \ + H —-——camly“
Catalytic hydrodesulfurization (HDS) is a 2 5 2 400 °C
large-scale industrial process for the removal of §
sulfur from petroleum feedstocks [ 1]. Thiophene

has been studied extensively as a model for this /
process. The reaction of thiophene with H, over / + / 4\

supported HDS catalysts, Co-Mo/Al,0;, Ni— )
Mo/Al,O; and Ni-W/Al,0;, produces H,S and

a mixture of four-carbon hydrocarbons[2,3]: 1,3- + /=/ + /_—/ + HS
butadiene, 1-butene, cis- and trans-2-butene and

butane (eq 1). Of the C, products, 1,3-butadiene has been suggested as the most

likely product formed directly following C-S
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Fig. 1. Structure of 1,3-butadiene (BDE) showing the positions of
deuterium incorporation as detected by 2H NMR.

bond cleavage because it is detected [2—4] under
reduced hydrogen pressure where its hydrogena-
tion to butenes and butane is less favorable. Other
evidence supports this proposal. First, the relative
amount of 1,3-butadiene produced in the HDS of
thiophene over MoS, [ 3a] and Chevrel-phase cat-
alysts [4] increases with decreasing thiophene
conversion. Second, 1-butene is produced in these
reactions in greater than equilibrium amounts
(20% 1-butene, 31% cis-2-butene, 49% trans-2-
butene at 400°C, calculated from AG;" values
given in [5]), supporting a sequential hydrogen-
ation path from 1,3-butadiene to 1-butene. Direct
hydrogenation of 1,3-butadiene over MoS, at
320°C also produces excess 1-butene [3]. Studies
of 1-butene hydrogenation over several Chevrel-
phase catalysts (including PbMogSg) [6] show
no evidence of 1,3-butadiene at 400°C in a flow
reactor. Thus, it is unlikely that 1,3-butadiene is
produced from 1-butene dehydrogenation.

Based on evidence that 1,3-butadiene is likely
to be the first HDS product, mechanisms proposed
for thiophene HDS often involve pathways lead-
ing to its formation. Our approach to testing these
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mechanisms is to compare the deuterium content
and its location in 1,3-butadiene produced during
the deuterodesulfurization (DDS, using D,
instead of H,) of thiophene over PbMogS; at
400°C with that predicted by each mechanism. In
order to do the deuterium studies it was necessary
to choose a catalyst that produced reasonable
amounts of 1,3-butadiene. Since the Chevrel-
phase catalyst, PbMo,Ss, is a relatively poor olefin
hydrogenation catalyst [4,6a), it does indeed
yield 1,3-butadiene (6.5% of the C, hydrocarbon
products). An additional benefit of this catalyst is
its low activity toward catalyzing the exchange of
hydrogens in thiophene with deuterium [4]; sub-
stantial deuterium incorporation into thiophene
before the HDS reaction would further complicate
interpretation of the deuterium composition of the
1,3-butadiene product. The total amount of deu-
terium incorporation was determined experimen-
tally by mass spectrometry, and the relative
amounts of deuterium incorporated into each of
the three distinguishable positions of 1,3-butadi-
ene (D, Dg, D¢; Fig. 1) were determined by
integration of their peaks in the 2H NMR spec-
trum. Prior to considering the experimental
results, it is useful to examine the deuterium con-
tent of 1,3-butadiene that would be predicted from
mechanisms that have been proposed in the liter-
ature. For the remainder of this paper, 1,3-buta-
diene will be abbreviated BDE.

This analysis of thiophene HDS mechanisms
will be limited to those mechanisms that are given
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Fig. 2. Hydrogenation mechanism proposed by Sauer, Markel, Schrader and Angelici [7] indicating sites of deuterium incorporation.
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in sufficient detail to allow one to predict from
them the number and locations of deuterium in
the BDE product. One such mechanism (Fig. 2)
[7], proposed in these laboratories and based on
a series of organometallic and reactor studies,
involves partial thiophene hydrogenation. The thi-
ophene adsorbs to a metal site through all five
atoms (7n°); this adsorption activates the thio-
phene to react with a surface hydride at the 2-
position (step a) to give an allyl sulfide
intermediate. A strongly acidic H*, perhaps from
an —SH group, adds in step b to the 3-position
forming adsorbed 2,3-dihydrothiophene (2,3-
DHT). Isomerization of 2,3-DHT to 2,5-dihydro-
thiophene (2,5-DHT) (step c) is followed by
cleavage of both C—S bonds (step d) to give BDE
and an adsorbed S atom. One equivalent of H,
removes S as H,S to regenerate the active site
(step e). Under DDS conditions, where the
amount of D, is much greater than that of thio-
phene, this mechanism predicts the addition of one
D atom in each step a and b. During the isomeri-
zation (step c), a third D atom is added to the 5-
position, while either D or H is lost from the
3-position. The 2,3-DHT formed in step b could
be bound through both the olefin and the sulfur as
shown, or through just the S atom; only sulfur-
coordination is observed in its transition metal
complexes [8]. In this latter case, either H or D
could be lost from the 3-position since either side
of the ring can contact the surface as a result of
rapid inversion at the sulfur and flipping of the
ring. This type of inversion is known to occur in
S-coordinated 2,3-DHT complexes [8]. Because
the deuterium isotope effect [9] will cause the
C(3)-D bond to be stronger than C(3)-H in 2,3-
DHT, the 3-position of 2,5-DHT will probably
contain more D than H. An estimated ky/kp iso-
tope effect of 2.3 at 400°C is calculated from the
difference in zero point energies for C~H and C-
D bonds [9a]; this leads to 0.70 D atoms at C(3)
of the 2,5-DHT. An isotope effect has been meas-
ured [9b] for H vs. D abstraction from CH;CD,
by 'CHj; at 401°C; this ky/kp value (3.33) pre-
dicts 0.77 D atoms at C(3) in 2,5-DHT. Both
estimates of ky/kp lead to similar estimates of the
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Fig. 3. Multipoint mechanism proposed by Kwart, Schuit and Gates
[ 10} indicating sites of deuterium incorporation.

deuterium content (0.70 or 0.77 D) at C(3) of
2,5-DHT. Using the 0.77 D value, the entire 2,5-
DHT will contain approximately 2.8 D. In the
desulfurization step (d), no deuterium is incor-
porated and the resulting BDE should contain 2.8
D, and these deuterium atoms should be distrib-
uted (Fig. 1) as follows: 0.77 D at D,, 1.0 D at
Dg, and 1.0 at D¢. (It is not possible to predict
whether the deuterium content at Dg and D will
be equal or unequal.)

A second mechanism involving partial hydro-
genation of thiophene was proposed by Kwart,
Schuit and Gates (Fig. 3) [10]. The first step of
this mechanism (step a) is 7*~coordination of thi-
ophene through one of its double bonds to a sur-
face metal atom. As the thiophene S atom interacts
with a nearby surface S atom, one H atom adds to
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Fig. 4. HDS mechanism proposed by Delmon and Dallons [11] indicating sites of deuterium incorporation.

C2 (step b). Next, either another H atom adds to
give a 2,3-DHT intermediate bound through only
the S atom (step ¢) followed by B-elimination
and C2-S bond cleavage (step d) to give an
adsorbed butadiene thiolate, or the butadiene
thiolate is formed directly (step e) without addi-
tion of the second proton. The authors are unde-
cided as to which path (steps ¢ and d, or step e)
would be favored or whether both occur simulta-
neously. Repetition of these steps (steps f, g and
hor steps fand i) at the other double bond cleaves
the second C-S bond and gives adsorbed BDE as
the final product.

Under DDS conditions, formation of the 2,3-
DHT intermediate (steps b and c¢) requires addi-
tion of two D atoms. Again, as in Fig. 2, H would
transfer more rapidly to the surface than deuterium
during the B-elimination step d. On the other hand,
step e requires addition of only one D atom. Rep-
etition of these steps at the second C—C double
bond gives BDE with either 0.0 D atoms at the

D -positions by paths e and i or 1.54 D, based on
the 3.33 ky/kp isotope effect [9a], at the D,-
position by paths ¢, d, g and h. Both pathways
introduce a total of two D atoms at the Dg- and
Dc-positions for a total of 2.0-3.5 D in the product
BDE.

A third hydrogenation mechanism (Fig. 4) was
proposed by Delmon and Dallons [11]. In this
mechanism, thiophene is initially 7*-bound
through the 7-system to a coordinatively unsatu-
rated surface metal atom while the thiophene S
atom acts as a Lewis acid toward the S atoms of
neighboring surface —SH groups (step a). Such
an intermediate seems unlikely since the sulfur in
known 7*-coordinated thiophene complexes is a
strong Lewis base [ 12], rather than a Lewis acid.
Two H atoms add in step b to saturate C3 and C4
as C2 and C5 form o-bonds with the metal atom.
Transfer of H atoms from the surface ~SH groups
to C2 and C5 creates two hypervalent carbons in
a transition state (step ¢) which lose the two orig-
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Fig. 5. Dehydrodesulfurization mechanism proposed by Kolboe
[13].

inal thiophene protons to the thiophene S atom to
give H,S (step d). Under low H, pressure, hydro-
gens from C3 and C4 migrate to C2 and CS (step
¢) and BDE is desorbed from the surface. Under
DDS conditions, this mechanism adds two D
atoms to C3 and C4 in step b. Step c¢ adds two
more deuterium atoms from the surface to C2 and
C5 as H,S is lost in step d. Migration of hydrogens
from C3 and C4 to C2 and CS5, desorbs BDE with
four D atoms. According to the isotope effect
{9a], 1.54 D atoms will remain at the D ,-position
of BDE (Fig. 1), and 2.5 D atoms will occupy the
Dg- and Dc-positions. The total number of D
atoms in the BDE product would be 4.0.

Kolboe [13] proposed dehydrosulfurization as
the initial step (Fig. 5) in his mechanism. It
involves stepwise elimination of H3 and H4 which
promotes C—S bond cleavage to give H,S and 1,3-
butadiyne. Two equivalents of H, hydrogenate
1,3-butadiyne to give BDE. Two equivalents of
D, during DDS would produce 1,3-butadiene-d,.
Two D atoms would be in the D,-positions of
BDE and two would be in the Dg- and D-posi-

tions (Fig. 1). Again, it is not possible to ascertain
from the mechanism whether the two D atoms in
the Dp and D¢ sites would be equally or unequally
distributed between these positions.

Reactions of the transition metal complex,
Cp*Ir(n*-2,5-dimethylthiophene)  (Cp* =17’-
CsMe;) provide the basis for an HDS mechanism
(Fig. 6) [14] proposed by Chen and Angelici. In
this mechanism, thiophene is activated by #-coor-
dination of just the diene fragment of thiophene
(n*) toundergo base-catalyzed (basic Al,O;) C—
S bond cleavage (step a), forming a six-mem-
bered ring. Coordination of an adjacent surface
metal atom to the sulfur (step b) cleaves the sec-
ond C-S bond (step c¢) forming a metallacyclo-
pentadiene. Addition of one equivalent of H,
eliminates H,S (step e); a second equivalent of
H, cleaves the M—C bonds and desorbs BDE (step
f). Deuterium incorporation into BDE during
DDS would occur only during step f, giving 1,3-
butadiene-d,. This mechanism predicts that deu-
terium would occupy only the Dg- and
Dc-positions (Fig. 1) with no deuterium incor-
poration at the D ,-position.

Other mechanisms for thiophene HDS, which
lead to butadiene-d, with the deuterium in only
the Dg- and D¢-positions and involve C-S bond
hydrogenolysis prior to hydrogenation of the
unsaturated hydrocarbon part of thiophene have
also been proposed. Differing in the initial coor-
dination mode and subsequent reactions, mecha-
nisms by Desikan and Amberg [15], Lipsch and
Schuit [16], Curtis [17] and Cowley [ 18] all add
two equivalents of H, to cleave the C-S bond to
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Fig. 6. C-S cleavage mechanism proposed by Chen and Angelici [ 14] indicating deuterium incorporation into butadiene (BDE).
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Table 1
Deuterium numbers (D.N.) and deuteration sites predicted by vari-
ous mechanisms for deuterodesulfurization

Mechanism Fig.no. D.N. Da Dg and D¢ Ref.
2 2.8 0.77 2.0 {71

3 20-35 0.0-15 20 [10]
4 40 15 2.5 [11]
5 40 20 20 [13]
6 2.0 0 2.0 [14]

produce BDE and H,S. During DDS of thiophene
by these mechanisms, only the Dg- and D¢-posi-
tions of 1,3-butadiene-d, would have D atoms, and
there would be a total of only two D atoms in those
positions.

Table 1 summarizes the number of deuterium
atoms (deuterium number, D.N.) and their loca-
tions (D,, Dg, or D¢, Fig. 1) predicted for each
of the mechanisms discussed in detail above. Deu-
terium numbers range from 2 to 4; a total of at
least two D atoms are in the Dp- and D-positions
for all mechanisms (the mechanisms are unclear
as to whether Dg or D would be favored). On the
other hand, the number of D atoms in the D,-
position varies from O to 2. Thus, the amount of
deuterium in the D4-positions as well as the total
number of deuterium atoms (D.N.) distinguish
several of the mechanisms from each other. Exper-
imental measurements of D.N. and deuterium
location in the BDE should allow us to narrow the
number of mechanisms that are possible during
HDS under the conditions of our studies.

In the present study, we examined the deute-
rium content and location in BDE produced during
thiophene DDS over the Chevrel-phase catalyst
PbMogS; at 400°C [4]. The deuterium (D.N.) of
the BDE produced in this reaction as determined
by mass spectrometry gave the average number of
D atoms per molecule of BDE. The relative
amounts of deuterium at each position (D,, Dg,
or D¢) of the 1,3-butadiene were determined by
integrating the peaks in the H NMR spectrum.
The results were used to evaluate the viability of
each of the mechanisms discussed above. In the
course of these studies, it became necessary to also
investigate reactions of D, with BDE, 2,5-DHT

and H,S under the same conditions as the thio-
phene HDS studies; all of these results are reported
herein.

The more saturated 1- and 2-butene products of
thiophene DDS over PbMogS; contained [4]
much higher levels of deuterium (D.N.=5.36 to
5.54), presumably because they form as a result
of deuteration of the initially formed 1,3-butadi-
ene. Since these butenes were formed in subse-
quent reactions of BDE, their deuterium content
was not of direct relevance to the HDS mechanism
and therefore was not investigated in this study.

2. Experimental
2.1. Preparation

The Chevrel catalyst, PbMogSg, was prepared
as previously described [6b]; characterization by
X-ray diffraction was carried out to determine the
bulk purity of the catalyst on a Siemens D500
diffractometer using CuKa radiation. Raman
spectroscopy was performed on a Spex 1403 dou-
ble monochromator spectrometer which con-
firmed the absence of MoS, (bands at 383 and
409 cm™~"') using the 514.5 nm line of a Spectra
Physics argon laser operating at 200 mW (meas-
ured at the source). The catalyst was crushed and
sieved to produce 40-100 mesh particles for all
reactions. Surface area measurements were made
on the same catalyst particle size, using the BET
method on a Micromeritics 2100E Accusorb
instrument at liquid nitrogen temperature using Kr
as the adsorbing gas. The average surface area was
found to be 0.80 + 0.09 m?/g.

2.2. Reactants

Thiophene (99+ %) was purchased from
Aldrich and purified as previously described [19].
Deuterium gas (Research grade, 99.99%), hydro-
gen gas (zero grade, 99.997%) and helium gas
(zero grade, 99.997%) were purchased from Air
Products. C.P. grade (99.0%) 1,3-butadiene and
C.P. grade (99.5%) hydrogen sulfide were pur-
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chased from Matheson. The 2,5-dihydrothiophene
(2,5-DHT) was prepared by a literature method
[20] and found to be greater than 97% pure by
"H NMR spectrometry.

2.3. Reactor system

Deuterodesulfurization of thiophene and 2,5-
dihydrothiophene were performed on a fixed-bed,
continuous-flow microreactor similar to that
previously described [6]. The reactor bed was
constructed from a 1.5 in X 0.25 in (0.d.) stain-
less steel tube. The catalyst was held in place
between two pads of quartz wool. The gases, H,,
D, and He, were purified by passing through an
oxy-trap (Alltech), 5A molecular sieves (All-
tech), activated charcoal (Alltech) and a 5 pum
filter (Alltech). Reactant gases, 1,3-butadiene and
H,S were passed through 5A molecular sieves and
a 5 um filter. The flow rate through the reactor
was 31 ml/min; operating pressure was near
atmospheric. A Sage 341B syringe pump was used
to inject thiophene and 2,5-DHT from a 2.50 ml
gas-tight syringe into a heated saturator (6 inx 1/
2 in stainless steel tubing packed with 5 mm glass
beads) to completely volatilize the thiophenes. A
series of two 6-port and one 4-port switching
valves allowed for pulse- and continuous-flows of
reactants over the catalyst as well as reaction
stream sampling for GC analysis.

Gas chromatography was used for determina-
tions of percent conversion of thiophene and C,
product distribution. The GC, a Varian 3400
equipped with an FID detector, was connected to
a 6-port valve on the reactor; 1.0 ml gas samples
were injected directly from a 1.0 ml sample loop.
The separated products were quantified on a Var-
ian 4270 integrator. A 4-port valve and a 10-port
valve on the GC allowed for the operation of two
separate GC columns and for the reversal of col-
umn flow. Percent conversion of thiophene was
determined on a 12 in x 1/8 in (0.d.) stainless
steel column packed with Porapak Q (Alltech);
the flow through the column was 20 ml/min at
110°C. The C, hydrocarbons were separated on a
6 ft. x 1/8 in. (0.d.) column packed with 0.19%

picric acid on Graphpac GC; the He flow through
the column was 40 ml/min. The column temper-
ature was held at 40°C for 5 min followed by a
35°/min ramp to 65°C. After a 2 min hold, a final
ramp (35°/min) to 110°C was used as the column
flow was reversed to separate thiophene or to
remove thiophene and 2,5-DHT (thiophene and
2,5-DHT did not separate on this column).

2.4. Experiment A. Deuterodesulfurization of
thiophene

Liquid thiophene was syringed into the reactor
system at a rate of 0.12 mi/h (2.5X 10> mol/
min); D, flow was 31 ml/min (1.3 X 1073 mol/
min). The PbMogSg catalyst was heated to
4004 1°C in a stream of He (20 ml/min). The
saturator, feed lines and valves were heated to
120+ 2°C to ensure that thiophene (b.pt. = 84°C)
was vaporized. The empty reactor showed no
hydrodesulfurization activity. The reactor tem-
peratures were allowed to stabilize for 1 h before
the feed stream was brought on-line. Percent con-
version and C, product distribution were moni-
tored throughout the reaction by GC. Trapping of
the reaction products at the vent in a liquid-nitro-
gen-cooled Pyrex tube containing 5 mm glass
beads commenced 15 min after the reactants were
brought on-line, and continued for 12 h, the dura-
tion of the experiment. The unreacted thiophene
and BDE product were analyzed by mass and 2H
NMR spectrometries.

2.5. Experiment B. Deuterodesulfurization of
2,5-DHT

The 2,5-DHT reaction with D, over PbMogS;
was conducted in a manner similar to that of thi-
ophene (vide ante). Liquid 2,5-DHT was syr-
inged at a rate of 0.12 ml/h (2.5X10~° mol/
min); D, flow was 31 ml/min (1.3 X 1073 mol/
min). The PbMogS; catalyst was heated to
400+ 1°C in a stream of He (20 ml/min). The
saturator, feedlines and valves were heated to
160+ 2°Cto ensure that 2,5-DHT (b.pt. = 122°C)
was vaporized. Conversion of 2,5-DHT in the
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empty reactor was negligible ( <0.5%). Reactor
temperatures stabilized for 1 h before the reactor
feed was brought on-line. Percent conversion of
2,5-DHT and the C, product distribution were
monitored throughout the reaction. The products
were trapped for mass and ?H NMR spectral anal-
yses over a period of 6 h,

2.6. Experiment C. Reaction of thiophene, D,
and 2,5-DHT

A mixture of 2.5 ml (0.031 mol) of 2,5-DHT
and 4.9 ml (0.062 mol) of thiophene was pre-
pared; a 2.5 ml sample of it was loaded into the
gas-tight syringe. The flow rate of this mixture
was 0.12 ml/h; the D, flow was 31 ml/min
(1.3X 1072 mol/min). The reactor was set up as
for the reaction of 2,5-DHT with D, (vide ante).
The products were monitored by GC. Trapping of
the products at the vent was carried out for 6 h.

2.7. Experiment D. Reaction of 1,3-butadiene,
Dz and H 2S

The flow of butadiene was set at 0.048 ml/min
(2.0X107° mol/min) as calibrated by GC; H,S
flow was set at either 0.043 ml/min (1.8 X107¢
mol/min) or 0.74 ml/min (3.1 X 10> mol/min)
using a bubble meter. The catalyst was heated to
400+ 1°C in a He stream (20 ml/min), and the
reactor system was allowed to stabilize for 1 h.
The reactants were brought on-line in D, (31 ml/
min, 1.3 X 10~ mol/min), and the products were
trapped at the vent. At the higher H,S flow rate
(0.74 ml/min, 3.1 X 10~ mol/min), the reaction
was run for 6 h; at the lower flow rate (0.043 ml/
min, 1.8 X 10~° mol/min), the reaction was run
for 12 h. The C, product distributions were mon-
itored throughout the reaction, and the products
were trapped for analysis at the vent.

2.8. Experiment E. Reaction of thiophene, D,
and 1,3-butadiene

The reactor was set up as above with the same
flow rates of thiophene (0.12 mi/h, 2.5X 1073

mol/min) and D, (31 ml/min, 1.3 X103 mol/
min). The catalyst was loaded to achieve 5% con-
version of T; 1,3-butadiene was mixed with the
reactant stream (0.18 ml/h, 7.5X10~°% mol/
min). The C, product distribution was monitored
throughout the reaction; the products were trapped

at the vent for 12 h.

2.9. Deuterium analysis of 1,3-butadiene,
thiophene and 2,5-DHT

For each reaction, the trapped products were
vacuum transferred into a S mm NMR tube con-
taining 0.50 ml CHCI, (distilled from CaH, under
N,) for analysis by 2H NMR and mass spectrom-
etries. The 2H NMR spectra were obtained on a
Varian VXR-300 spectrometer using CHCI, as the
internal 'H lock and standard ( 87.24 ppm). Mass
spectral data for each component were obtained
using a Finnigan 4000 GC-MS data system. The
products were separated on a 30 m GS-alumina
megabore (0.53 mm (i.d.), J and W Scientific)
column. The deuterium contents of thiophene and
butadiene (BDE) were determined from integra-
tions of peaks corresponding to the parent ions
(M) of these products containing different num-
bers of deuterium (D) atoms. Low ionization
energy (13-16 eV) was used in the mass spec-
trometer in order to reduce the fragmentation of
the parent ion. The M—1 peak (loss of H) was
always less than 9%. All deuterium exchange data
were corrected [21] by comparison to similar data
for authentic, unreacted samples; this allowed for
correction of naturally occurring 2H, '*C and 34S
and of the parent ion fragmentation. The resulting
data were expressed as a deuterium distribution,
dy, dy, ..., d,, where d, is the fraction of the com-
ponent containing i D atoms. This distribution can
be represented as an average number of deuterium
atoms per molecule, or deuterium number (D.N.)
calculated using Eq. 2, where 7 is the total

D.N.=Yid, (2)

number of H atoms in the molecule. The total
numbers of D atoms in each position on 1,3-buta-
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diene (D,, Dy, D¢, Fig. 1) were calculated using
equation 3 where i is the D,, Dy, or D¢

I.
D,=|==|D.N. 3
i (Z 1,-) (3)
position, and /; is the integral of the corresponding
peaks in the °’H NMR spectrum.

3. Experimental results

3.1. Deuterodesulfurization of thiophene.
Experiment A (Eq. 4)

Product distributions for reactions of thiophene
at 400+ 1°C under steady state conditions with
deuterium gas (Eq. 4) at five different catalyst
loadings of PbMo4S; are shown in Table 2.

O n—

S

/_\'l>\+st+/J+/=\+/==/ (C))

No hydrogenated thiophenes (2,3-DHT, 2,5-DHT
or THT), butanethiol or butane were detected
under these conditions. The catalyst loading was
varied to produce different levels of thiophene

Table 2
Conversion and product distribution from thiophene deuterodesul-
furization over PbMo,S; at 400°C (Experiment A) 2

Reaction number

1 2 3 5 6

g PbMo,Sg 0403 0327 0.195 0.126 0.110
space time (g min/ml) 0.013 0.011 0.0063 0.0041 0.0035
Conversion (%)

Thiophene 898 919 932 974 99.1
Cy's 102 809 6.81 2.63 0.86
C, Product distribution (%)

1-Butene 477 520 533 67.7 70.8
cis-2 Butene 220 194 192 10.7 trace
trans-2-Butene 267 239 219 11.5 trace
1,3-Butadiene 350 467 565 10.1 29.2

* Thiophene flow rate was 0.12 ml/h (2.5 X 10~ mol/min); D, flow
rate was 31 ml/min (1.3 X 102 mol/min).

conversion to C, products. The relative amounts
of cis- and trans-2-butenes decrease as thiophene
conversion decreases, with only trace amounts
(<0.5%) detected at the lowest conversion
(0.86%). On the other hand, the relative amounts
of 1-butene and BDE increase as conversion
decreases; the increase in BDE is consistent with
it being the initial product of HDS. The amount
of 1-butene is always in excess of the equilibrium
distribution at 400°C (equilibrium at 400°C: 20%
1-butene, 49% trans-2-butene; 31% cis-2-butene)
[5], which is consistent with it being formed as
the initial product of BDE hydrogenation. It is
unlikely that 1-butene is the initial product which
dehydrogenates to butadiene under the D, atmos-
phere. This is supported by the observation that 1-
butene, when passed over PbMogSg at 400°C,
produces no BDE [6].

Deuterium distributions in the unreacted thio-
phene and BDE products at different catalyst load-
ings are shown in Table 3. The reaction run
numbers in Table 3 correspond to those in Table
2. Thiophene deuterium numbers (D.N.) decrease
(0.42-0.05) with decreasing thiophene conver-
sion (10.2-0.86%). A plot (Fig. 7) of thiophene
D.N. against thiophene conversion is nearly lin-
ear, as would be expected from the decreased res-
idence time in the catalyst bed. Thus, the amount
of deuterium exchange on thiophene is dependent
on the amount of conversion.

The sites (Fig. 1) of deuterium exchange in
thiophene and BDE can be determined by inte-
grating peaks in the ’H NMR spectrum. A typical
2H NMR spectrum of the olefinic region is shown
in Fig. 8. The peaks are slightly broadened as
compared to an 'H NMR spectrum due to quad-
rupolar relaxation of the nuclei; however, the
chemical shifts (in ppm) are essentially the same
in the 'H and H NMR spectra of butadiene and
butadiene-ds [22,23]. Coupling constants
between two 2H atoms is usually only 2.3% of the
corresponding coupling between two 'H atoms;
coupling between 'H and *H is about 15% of the
corresponding 'H, 'H coupling. Thus, 'H, ?H cou-
pling most likely accounts for the observed split-
tings in the ’H NMR spectrum (Fig. 8). The peaks
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Deuterium distribution and deuteration sites in 1,3-butadiene and thiophene produced during thiophene deuterodesulfurization over PbMo,S; at

400°C (Experiment A) *

Reaction number

1 2 4 5

Deuterium distribution in BDE
do 0.0077 0.0100 0.0110 0.0177 0.0255
d, 0.0573 0.0586 0.0616 0.0255 0.0491
d, 0.172 0.159 0.147 0.121 0.176
ds 0.297 0.298 0.300 0.254 0.301
da 0.252 0.264 0.261 0278 0275
ds 0.158 0.157 0.165 0.227 0.145
ds 0.0553 0.0545 0.0542 0.0775 0.0290
BDED.N. 3.42 3.44 3.45 3.74 330
Deuterium location (see Fig. 1) in BDE
D, 0.79 0.78 0.86 091 0.85
Dy 141 1.36 1.36 1.40 1.19
D¢ 1.23 1.31 1.23 144 1.26
A:B:C 1:1.8:1.6 1:1.8:1.7 1:1.6:1.4 1:1.5:1.6 1:1.4:1.5
Deuterium content in T
Thiophene D.N. 042 0.29 0.23 0.08 0.05
? See footnote a in Table 2 for reactant amounts and conditions.
for thiophene (E, & 7.40 ppm (s) and G, 87.19 ) o a
ppm (s) in Fig. 2) indicate that most of the deu- o 13-butadiene -

. . 3 -
terium exchange (95%) occurs in the 2- and 5-
positions rather than the 3,4-positions; D.N.

predominant exchange in the 2,5-positions has
also been observed over MoS, and Co-Mo/Al,O;,
[24,25].

Deuterium numbers calculated from the mass
spectral data (eq 2) for BDE remain constant
(average D.N.=3.47) despite the decrease in thi-
ophene conversion (Table 3, Fig. 7) from 10.2%
to 0.86%. The mass spectrometric data (Table 3)
indicate that the BDE deuterium content ranges
from d, to dg; butadiene-d; and butadiene-d, are
the major BDE products.

The amount of deuterium in each position (D,
Dg, Dc; Table 3) was calculated from the D.N.
and integrals of the individual peaks in the 2H
NMR spectra (Eq. 3). Peaks for butadiene (D,,
86.38 ppm (s); Dg, 85.25 ppm (m); D, 65.14
ppm (m); Fig. 8) inthe 2H NMR spectraare easily
distinguished from those of 1-butene (H, 6 5.90
(s) and 4.99 ppm (d)) and the 2-butenes (I, &
5.47 ppm (d)) which allows the D4, Dy and D¢
butadiene peaks to be integrated. The amount of

1 -

thiophene
o _M—T

0 2 4 6 8 10 12
% thiophene conversion

Fig. 7. Change in thiophene D.N. and 1,3-butadiene D.N. with %
thiophene conversion (Experiment A, Eq. 4).

deuterium in the D, position (0.78-0.91) (Table
3) is always less than that in either the Dg (1.19—
1.41) or D¢ (1.23-1.44) positions.

3.2. DDS of 2,5-DHT. Experiments B and C
(Eq.5)

Product distributions for the reaction of 2,5-
DHT with D, (Experiment B) (Eq. 5) and for the
mixture of thiophene and 2,5-DHT with D,
(Experiment C) are shown in Table 4. The reac-
tion of
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2,5-DHT with D, produces 27.7% BDE as the
only desulfurized product; butenes are present in
trace amounts ( <1%). The dehydrogenated
product thiophene is also detected. Thiophene was
also detected from 2,5-DHT HDS over 5% Re/
Al,O; at 400°C (7c). Although the amount of
thiophene decreases from 52% at the beginning of
the run to 15% after 6 h and the amount of
unreacted 2,5-DHT increases from 25% to 61%

JFG

during the same time, the amount of BDE remains
constant. The 1,3-butadiene also incorporates vir-
tually no deuterium (99% is d, and d;,
D.N.=0.04) as does thiophene (D.N.=0.04) for
samples collected over the 6 h duration of the run
(Table 5); 2,5-DHT is all d,. Although the
amounts of thiophene and 2,5-DHT change during
the run, there is no effect of this change on the
incorporation of deuterium into butadiene or 2,5-
DHT.

When thiophene is added to 2,5-DHT (Exper-
iment C) in a 2:1 mole ratio, the conversion to C,
products drops to 20.5% (Table 4), 91% of which
is 1,3-butadiene. Small amounts of 1-butene
(4.7%}), cis-2-butene (1.9%) and trans-2-butene
(2.2%) are also detected; again 1-butene is in
excess of the equilibrium distribution of butenes.
At the beginning of the reaction, all of the 2,5-

Dc
Dp

\

74 72 70 68 66 64 62

60 S8 56 sS4 52 50 ppm

Fig. 8. Olefinic region of an ’H NMR spectrum of DDS reaction products. Labeled peaks are as follows: D,, Dg and D¢ of 1,3-butadiene (BDE)
with labeled positions corresponding to those in Fig. 1; E is the 2,5-positions on thiophene; F is CDCl; in CHCl; solvent; G is the 3,4-position

on thiophene; H is 1-butene; I is 2-butenes.
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Table 4

Product distributions from reactions of D, with 2,5-DHT (Experi-
ment B), 2,5-DHT and thiophene (Experiment C), and H,S and 1,3-
butadiene (Experiment D) over PbMogSg at 400°C *

Experiments

B® Ce D¢ D®

Conversion (%)

2,5-DHT 251618 07-83¢ - -

T 527 -15¢8 73179 - -
Cys 217 20.5 100 100
C, Product distribution (%)

1-Butene <1% 4.7 30,71 6.70
cis-2-Butene trace 19 22,66 5.23
trans-2- trace 22 2439 571
Butene

Butadiene =99 =91 3224 8236

2D, flow was 31 ml/min (1.3 X 10~3 mol/min) for all reactions;
0.20-0.21 g of catalyst used in all reactions.

b2,5-DHT flow rate was 0.12 ml/h (2.5 X 10~ mol/min).

©2:1 mole ratio of thiophene (0.08 ml/h, 1.7 X 10~ mol/min) and
2,5-DHT (0.04 ml/h, 8.3 X 10~° mol/min) in the feed.

9 Low H,S flow of 0.043 ml/min (1.8 X 10~¢ mol/min) and BDE
flow of 0.048 ml/min (2.0 X 107 ¢ mol/min).

¢ High H,S flow of 0.74 ml/min (3.1X 10~3 mol/min) and BDE
flow of 0.048 ml/min (2.0 X 10~ mol/min).

T Start of reaction.

& After 6 h of continuous reaction.

DHT is converted to either C, products or thio-
phenes; however, after 3 h, 2,5-DHT is detected
and its concentration steadily increases to 8% after
6 h. Virtually no deuterium (Table 5) is incor-
porated into either 2,5-DHT (D.N.=0.0) or thi-
ophene (D.N.=0.02), but the amount of
deuterium in BDE (D.N.=0.33) is greater than
it was in the reaction (Experiment B) of just 2,5-
DHT with D,. The deuterium in the BDE obtained
from the 2,5-DHT, thiophene, D, reaction may
come at least in part from the BDE produced from
thiophene DDS. The ratio of deuterium in the D,
Dg and D positions in BDE is the same as that
obtained from thiophene DDS (Table 3).

3.3. Reaction of 1,3-butadiene, H,S and D,.
Experiment D (Eq. 6)

The BDE flow rate was set (0.048 ml/min,
2.0X 10~% mol/min) at a level corresponding

st + n + D2

m + H,S +/J+/—J+/==\ ©)
Dx

to the amount of C, products observed at 10%
thiophene conversion (Experiment A). In sepa-
rate reactions, the flow of H,S was set at a level
corresponding to the equivalent amount of thio-
phene (0.74 ml/min, 3.1 X 10~ mol/min) and
at the amount corresponding to the H,S produced
during thiophene HDS (0.043 ml/min,
1.8X 10~ mol/min). The H,S and BDE were
passed over the catalyst together with D, gas at a
Table 5

Deuterium distribution in 1,3-butadiene and thiophene produced in
reactions of D, with 2,5-DHT (Experiment B), 2,5-DHT and thio-

phene (Experiment C), H,S and 1,3-butadiene (Experiments D),
and thiophene and 1,3-butadiene (Experiment E) *

Experiment

B® ce p* D¢ Ef
Deuterium distribution in BDE
dy 0974 0792 0.124 0.992 0.187
d, 0019 0130 0.157 0.008 0.270
d, 0004 0044 0221 - 0.285
d, 0002 0024 0229 - 0.146
d, - 0009 0.165 - 0.078
ds - 0001 0.082 - 0.029
dg - - 0022 - 0.005
BDE D.N. 0.04 0.33 249 0.01 1.58
Deuterium location (see Fig. 1) in BDE
D, 0.01 0.09 0.53 -8 0.29
Dp 0.02 0.13 1.04 - 0.64
Dc 0.01 0.12 091 - 0.65
Deuterium content in 2,5-DHT and T
2,5-DHT D.N. 0.0 0.0 - - -
Thiophene D.N. 0.04 0.02 - - 0.08

2D, flow for all reactions was 31 ml/min (1.3 X 10~3 mol/min)
over PbMogS; at 400°C.

b2 5.DHT flow rate was 0.12 ml/h (2.5 X 10~ mol/min).

¢2:1 mole ratio of thiophene (0.08 ml/h, 1.7X 10~* mol/min) and
2,5-DHT (0.04 mi/h, 8.3 X 10~¢ mol/min) in the feed.

9 Low H,S flow 0.043 ml/min (1.8 X 10~ % mol/min) and BDE flow
of 0.048 m!/min (2.0 X 10~ mol/min).

* High H,S flow 0.74 ml/min (3.1 X 10~ mol/min) and BDE flow
of 0.048 ml/min (2.0 X 1075 mol/min).

 Thiophene flow of 0.12 ml/min (2.5 X 10~* mol/min) and BDE
flow of 0.18 ml/min (7.5 10~ mol/min).

2 No BDE was detected in 2H NMR.
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flow rate of 31 ml/min (1.3 X 10~% mol/min).
The C, product distributions are shown in Table
4. At both H,S flow rates, the C, product distri-
bution remained constant for the entire reaction
(6 h and 12 h) indicating steady state conditions
were achieved. The effect of catalyst poisoning by
H,S is seen in the product distributions; at the
lower H,S flow rate, 68% of the BDE is hydro-
genated compared to only 18% at the higher H,S
flow rate. In both cases, 1-butene is in excess of
the equilibrium values for butenes at 400°C [5].

The deuterium content in BDE from the reac-
tions of H,S, BDE and D, (Table 5) is reduced
by the presence of H,S. At the lower H,S flow
(0.043 ml/min, 1.8 X 10~° mol/min), the D.N.
is 2.49 (90% d,—d,), indicating that butadiene
undergoes significant exchange over the HDS cat-
alyst. However, at the higher H,S flow (0.74 ml/
min, 3.1 X 1073 mol /min) where the number of
moles of H,S feed is similar to that of thiophene
in thiophene DDS (Experiment A) (2.5X107°
mol/min of thiophene), 99% of the butadiene
does not wundergo deuterium exchange
(D.N.=0.01). Since the amount of H,S produced
in the DDS of thiophene is similar to that in the
low-level H,S experiment, it seems likely that the
formed D,S (or H,S) in the DDS of T will not
completely inhibit deuterium exchange with the
butadiene that is formed. However, the large
excess of thiophene may be sufficient to essen-
tially prevent this exchange as suggested by other
experiments.

3.4. Reaction of thiophene, BDE and D,.
Reaction E (Eq. 7)

The flow rate of BDE (0.18 ml/min, 7.6 X 10~
mol/min) was set at approximately six

QN

S
@+//_j+f=\+fjm

+ D,—

times the amount of C, products produced during
thiophene DDS (Experiment A, Eq. 4) at 5% thi-
ophene conversion. Thus, the majority of BDE
trapped and analyzed should be from the added
BDE and not a product of thiophene DDS. With-
out thiophene in the feed stream, but otherwise
using the same conditions, BDE is completely
hydrogenated to 1-butene and cis- and trans-2-
butenes at 400°C over PbMogS;. No butane is
detected. A small amount of cracking (5%) to C;
and C, products is also observed. Thus, thiophene
in the reactant feed inhibits BDE hydrogenation.
This reaction (Eq. 7), however, does not achieve
steady state conditions. Fig. 9 shows a dramatic
change in C, product distribution during the 12 h
reaction. The relative amount of 1-butene stays
constant; BDE increases while cis- and trans-2-
butene decrease. There is always an excess of 1-
butene over the equilibrium value for the 1- and
2-butenes at 400°C [5]. The D.N. of BDE is sig-
nificantly less (1.58) (Table 5) than that of BDE
from thiophene DDS. Only 0.29 D atoms (Eq. 3)
are in the D ,-position, indicating that most of the
deuterium exchanges into the Dg- and D-posi-
tions. Since the reaction does not achieve a steady
state, the catalyst is changing during the course of
the reaction, and the results cannot be compared
with data from the other reactions that are obtained
under steady-state conditions.

&
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Fig. 9. Change in product distribution with time for the reaction of
thiophene, 1,3-butadiene (BDE) and D, over PbMogSg at 400°C
(Experiment E, Eq. 7).
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4. Discussion of results
4.1. 1,3-Butadiene as the initial HDS product

The results of our study of thiophene DDS
(Experiment A, Eq. 4) indicate that BDE is the
first desulfurized product, which is subsequently
hydrogenated to give the observed C, product dis-
tribution. This conclusion is supported by the fol-
lowing discussion. First, the relative amount of
butadiene (Table 2) increases with decreasing thi-
ophene conversion. This same trend, indicative of
a sequential pathway, has been observed over
other Chevrel phase catalysts [4] and over MoS,
[3a]. Second, the 1-butene produced during the
reaction (Table 2) is always in excess of the equi-
librium distribution of butenes [5] at 400°C; 1-
butene is also in excess during the hydrogenation
of BDE in a BDE and H,S mixture (Experiment
D) and over MoS, [26]. Third, hydrogenation of
1-butene over PbMogSg and other Chevrel phase
catalysts [6a] does not produce BDE. Thus, the
evidence supports the conclusion that the BDE
produced in our reactions (Experiment A) is the
first product of thiophene DDS.

4.2. Deuterium content in 1,3-butadiene

The deuterium observed experimentally in
BDE formed during thiophene DDS could be
incorporated at any of three stages of the reaction
(Eq. 8): in stage (i), thiophene itself could
exchange to incorporate x deuterium atoms; in
stage (ii), the thiophene

HDS or DDS /—\ /"‘\

Dy Dx + (111) Dx +y+z
(ii)

undergoes HDS to give BDE, which must incor-
porate at least two deuteriums in order to be
formed but could contain a total of y deuterium
atoms; in stage (iii), the formed BDE may

undergo exchange to incorporate z deuterium
atoms. So the total deuterium content in the final
BDE is the sum (x+y+z) gained in each of the
three stages. We sought to determine the amount
of deuterium (D,) incorporated in only the DDS
stage (ii) of the reaction. In order to establish D,,
the number of deuteriums gained during just the
DDS portion of the process (stage ii), it is nec-
essary to determine D, and D, in stages (i) and
(iii); D, and D, are discussed below.

It is entirely possible that deuterium incorpo-
ration will occur in stage (i) as thiophene is
known to undergo deuterium exchange (Eq. 9),
primarily into the a-position, over a variety of

cat.
/@\ * D2 Zp0ec
H H

S

] AD + H o)

S

HDS catalysts [24,25], including PbMogS;s [4].
In this study, D exchange of the a-protons on
thiophene during DDS varies with the amount of
thiophene conversion (Experiment A, Tables 2
and 3, Fig. 7). At the highest conversion of 10.2%,
the D.N. is equal to 0.42; this drops to 0.05 at the
lowest conversion (0.86%). Thus, deuterium
incorporation in stage (i) is relatively small with
D, ranging from Dy, to Dy, or less, and almost
all of this deuterium would appear in the Dy and
D¢ positions (Fig. 1) of the BDE product.

Our results indicate that in stage (iii) (Eq. 8)
the BDE does not undergo deuterium exchange;
thus, D, is Dy. The lack of deuterium exchange in
the formed BDE appears to result from H,S/thi-
ophene deactivation of the exchange sites. These
conclusions are supported by the following
results. (a) At different levels of thiophene con-
version, the deuterium content (D.N.=3.47) of
BDE remains virtually constant (Tables 2 and 3,
Fig. 7). If deuterium were exchanging with the
formed BDE, a decrease in D.N. with decreasing
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thiophene conversion would be expected. Deute-
rium exchange of thiophene itself shows this trend
(Fig. 7). (b) Butadiene can be formed in situ by
passing 2,5-DHT with D, over the PbMogS; cat-
alyst. This is also known to occur in reactions of
2,5-DHT with H, over 5% Re/AlLO; [7]; in
addition, BDE is liberated when 2,5-DHT adsorbs
to a Mo(110) single crystal surface [27], and
organometallic complexes containing 2,5-DHT as
a ligand [7,28] liberate BDE when heated. In the
present studies, 2,5-DHT (0.12 ml/h, 2.5X 1077
mol/min) when passed with D, over PbMogSq
gives BDE as the only C, hydrocarbon product
(Experiment B, Table 4). The BDE formed is
97.4% do (D.N.=0.04, Table 5) indicating that
the BDE does not exchange significantly with deu-
terium under these conditions. Similar results
were obtained for the DDS of 2,5-DHT over 5%
Re/ALO; at 300°C, where BDE incorporated
slightly more deuterinm (D.N.=0.51) [7].
When thiophene, 2,5-DHT and D, were reacted
(Experiment C, Tables 4, 5), the resulting BDE
contains more deuterium (D.N.=0.33) than that
obtained from only 2,5-DHT and D, (DN =0.04),
The higher BDE deuterium content in this reaction
(Experiment C) appears to result from the BDE
produced in the DDS of thiophene. Assuming 5%
conversion of thiophene (based on the amount of
catalyst), this reaction was run with 10 equiva-
lents of 2,5-DHT for every mole of BDE produced
from thiophene. The BDE D.N. of 0.33 is 1/10 of
that produced from just thiophene DDS, and the
DA:Dg:Dc ratios are similar to those in BDE pro-
duced in the DDS of thiophene (Experiment A).
This suggests that deuterium is incorporated only
into BDE from thiophene DDS, not from 2,5-DHT
DDS. (¢) H,S inhibits both the hydrogenation and
the deuterium exchange (Experiment D, Tables
4, 5) of BDE over this catalyst. Complete hydro-
genation of BDE to butenes is observed over
PbMogS; at 400°C; however, when H,S
(3.1 X 1073 mol/min) is added to the feed at a
level similar to that of thiophene (2.5X107°
mol/min) and the butadiene flow (2.0X107°
mol/min) is similar to that of the C, products
obtained from 10% thiophene conversion, 82% of

the 1,3-butadiene passes through unhydrogenated
and unexchanged (99% d,). Results from static
reactor studies of BDE and D, over MoS, [26]
and mixtures of D,S and BDE over MoS, [26]
also indicate that BDE does not undergo
exchange. In these MoS, studies, greater than 94%
of the BDE did not exchange. Thus, the above
studies indicate that once BDE is formed from
thiophene, it is either hydrogenated to 1-butene,
or it passes through the catalyst without under-
going exchange. This is not unreasonable as BDE
is very active toward hydrogenation, such that,
once in contact with an active site, hydrogenation
of BDE is faster than deuterium exchange. Thio-
phene, H,S and 2,5-DHT all poison the catalyst,
inhibiting both the hydrogenation and deuterium
exchange of butadiene under these conditions.

4.3. The HDS mechanism

Based on the above discussion, we can estimate
that of the 3.47 D atoms found in the BDE result-
ing from the DDS of thiophene over PbMogS; at
400°C, 0.05-0.42 D are introduced in stage (i)
(Eq. 8); this exchange of D into thiophenes before
DDS occurs will introduce 0.05-0.4 D into the Dy
and D¢ positions of the 1,3-butadiene product.
Using a value of 0.3 D for stage (i), this means
that of the total 3.47 D observed in the BDE, 3.2
D are introduced in the HDS step, stage (ii), of
the reaction. Of these 3.2 deuteriums, 0.83 D are
in the D o-position and approximately 1.2 D are in
each of the Dy and D¢ positions. Any mechanism
for HDS must account for this number and the
distribution of deuterium atoms in the BDE, but
it must also account for the fact that there is con-
siderable exchange of deuterium atoms during
HDS (stage ii) that accounts for butadiene with
D content ranging from d, (1.2%) to dg (5.5%)
but mostly d; (28%) and d, (27%) (Table 3).
All of the mechanisms discussed in the Introduc-
tion and summarized in Table 1 involve processes
that give specific numbers of deuteriums in spe-
cific positions; none accounts for the formation of
dy or ds, for example. Although some of these
species are formed in low amounts, there must be
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an exchange step in the HDS process that allows
their formation. Since the exchange is likely to
involve surface deuterium atoms, any exchange
will likely add deuteriums to the number intro-
duced by the DDS process itself. Thus, of the 3.2
deuteriums introduced in stage (ii) most were
probably added during the DDS process, but some
may have been added by scrambling. Any mech-
anisms that produce BDE with more than 3.2 D
are inconsistent with the results. This eliminates
the mechanisms (Table 1) in Figs. 4 and 5 as
pathways for thiophene HDS over this catalyst
(PbMogSs) under these conditions. Both of these
mechanisms are also inconsistent with the number
of deuteriums at the D, position, since they both
predict 1.5-2.0 D in this position, whereas only
0.83 D are observed.

The mechanism in Fig. 3 proposed by Kwart,
Schuit and Gates [ 10] is possibly consistent with
our results depending on which pathway (steps c,
d, f, g and h or steps e, f and i) predominates
(Table 1). The first pathway (steps c, d, f, g and
h) introduces as many as 3.5 D atoms into BDE
with up to 1.5 D atoms in the D,-position, if one
assumes a deuterium isotope effect [9]. This
mechanism would not be consistent with the
experimental results as more than 3.2 D are pre-
dicted for BDE with more than 0.83 D in the A-
position. However, the latter pathway (steps e, f
and i) leads to 2.0 D atoms incorporated in the
Dg- and D¢-positions of BDE; thus, this mecha-
nism is consistent with our results if a separate
exchange process is included. Also, if both path-
ways are involved, they may together account for
the observed amount of deuterium in BDE, the
amount of deuterium in the D 4-position, as well
as provide a mechanism for the exchange seen in
d,—d,; yet it still does not account for butadiene-
dy, -d;, -ds and -d.

The mechanisms in Figs. 2 and 6 are also
consistent with the BDE deuterium results. Since
the mechanism in Fig. 2 [7] introduces a maxi-
mum of 2.8 D atoms during the HDS process, the
additional 0.4 D atoms must be added during a
separate exchange step. That this can occur is sup-
ported by the observation [ 7] that the DDS of 2,3-

DHT (product of step (») in Fig. 2) over 5% Re/
Al,O; at 300°C introduces 1.20 D atoms, mainly
at the olefinic positions, into the unconverted 2,3-
DHT; the BDE produced from this reaction con-
tains 4.06 D atoms. Thus 23-DHT is an
intermediate that may account for the extra D
incorporation and the exchange of D atoms which
results in the dy~dg distribution in the BDE. It is
unlikely however, that deuterium exchange occurs
inthe 2,5-DHT intermediate (product of step (¢) )
since the BDE produced in the DDS of 2,5-DHT
over PbMo4S; (Table 4, Experiments B and C) is
97% d,, and 2,5-DHT incorporates no deuterium.

Another mechanism that is consistent with the
results of this work is shown in Fig. 6 [14]. The
mechanism itself accounts for the incorporation
of only two deuterium atoms (Table 1) into BDE
(step f). Deuterium exchange with one or more
of the intermediates in this mechanism would
account for the incorporation of D atoms in the
D,-position and the dy—ds distribution. In this
case, however, there are no reported studies of D
exchange with the intermediates. The other mech-
anisms [15-18] which result in the addition of
two D atoms to the Dg- and D¢-positions are also
consistent with the results of this study for the
same reasons.

5. Conclusion

The results of this study indicate that a mecha-
nism for thiophene HDS over PbMogSg must
account for a maximum of 3.2 deuterium atoms
being incorporated into 1,3-butadiene including
0.83 D in the D4-position and 1.2 D atoms in each
of the Dg- and Dc-positions. Two mechanisms
(Figs. 4, 5) can be ruled out as they predict more
deuterium per butadiene molecule than is found
in these studies. Other mechanisms (Figs. 2, 3 and
6) which predict fewer than 3.2 deuteriums in
each 1,3-butadiene molecule, are consistent with
the results of this study, assuming that there is an
exchange step which increases the overall deute-
rium content and yields the observed dy—dg distri-
bution of deuterated butadiene. It should be
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emphasized that these conclusions apply to the
PbMogS,-catalyzed reaction; mechanism(s) for
thiophene HDS on CoMo/ Al,O5 or other catalysts
may or may not be same.
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