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Studies of the Mechanism of Thiophene Hydrodesulfurization: 
Conversion of 2,3- and 2,!5Dihydrothiophene and Model 

Organometallic Compounds 

Catalytic hydrodesulfurization (HDS), 
the process by which organically bound sul- 
fur is removed from crude oils, is one of the 
largest-scale chemical processes practiced 
in the world (1-3). Thiophene is typical of 
the organosulfur compounds found in pe- 
troleum, and considerable effort has been 
directed toward investigating the mecha- 
nism for thiophene hydrodesulfurization 
(4). Recently, we have reported new kinetic 
information involving the HDS of thio- 
phene, 2,3- and 2,5- dihydrothiophenes, 
and tetrahydrothiophene (5). These studies 
were performed with both Rely-A&O3 and 
MO/~-A&O3 catalysts using a flow micro- 
reactor system; in particular, rhenium stud- 
ies provided new information data concern- 
ing reaction intermediates. We have also 
been able to prepare and characterize thio- 
phene-related organometallic compounds 
which serve as plausible models for bond- 
ing and conversion on catalytic surfaces. 
The combination of these studies has led 
to new insights concerning alternate mech- 
anistic pathways for thiophene HDS. 

As a model for thiophene that is r- 
bonded to the catalyst surface, [Mn(C0)3 
(q-thiophene)]SOJCFj, 1, was reacted with 
the metal hydrides PPN[HFe(C0)4] and 
PPN[HW(C0)5] (6): 
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These compounds represent hydride func- 
tionalities such as those proposed to exist 
on HDS catalyst surfaces (7-9). The neu- 

tral adduct Mn(CO)j(n-thiophene * H), 2, 
was formed. Adduct 2 reacted with strong 
acids such as HCl [a model for acidic sur- 
face SH sites (10, 21)] to give complex 3 
with a 2,3-dihydrothiophene (2,3-DHT) li- 
gand. Based on these model studies, 2,3- 
DHT was proposed (6) as a possible inter- 
mediate for thiophene HDS, in agreement 
with other suggestions that partial or com- 
plete hydrogenation of the thiophene ring 
occurs before the sulfur is removed (8, 12- 
24). However, if 2,3-DHT is an intermedi- 
ate for thiophene HDS, it must undergo 
desulfurization much more rapidly than 
thiophene because 2,3-DHT has never been 
reported as a product of thiophene HDS. In 
reactor studies at 400°C using the 5% Rely- 
A1203 catalyst, only 23.2% of the thiophene 
reacted, whereas 2,3-DHT was completely 
converted (15). It is noteworthy that the C4 
hydrocarbon product distributions are very 
similar for thiophene and 2,3-DHT under 
these conditions; this is consistent with at 
least a portion of the thiophene being con- 
verted through a 2,3-DHT intermediate. 

For reactor runs performed at 300°C the 
Cd hydrocarbon product distributions were 
dissimilar for thiophene and 2,3-DHT 
feeds. Furthermore, the products of the 
2,3-DHT reaction contained butadiene 
(10.7%) and 2,5-DHT (11.7%), as well as 
thiophene (14.3%) and tetrahydrothiophene 
(54.8%) [and the CJ hydrocarbons (8.5%)3: 

2,sOHT 2.5-DHI 

(2) 

The formation of butadiene and 2,5-DHT 
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suggests that desulfurization might occur 
by isomerization of 2,3-DHT to 2,5-DHT, 
leading to the elimination of sulfur from 2,5- 
DHT to give butadiene. This proposal is 
supported by other 2,5-DHT (16) HDS re- 
actor studies at 300°C where more than 60% 
of the desulfurized product was butadiene. 

When 2,5-DHT was reacted with D2 at 
300°C using the Rely-A1203 catalyst, 65% of 
the butadiene product contained no deute- 
rium. This suggests that 2,5-DHT elimi- 
nates butadiene directly, rather than first 
isomerizing to 2,3-DHT. Butadiene forma- 
tion is likely to occur when the 2,5-DHT is 
coordinated via the sulfur to a metal site on 
the catalyst (17-19). We explored the possi- 
bility that this reaction would take place in 
a simple transition metal complex. The 
room temperature reaction of Fe2(C0)9 
with 2,5-DHT in dry tetrahydrofuran (THF) 
produced (C0)4Fe(2,5-DHT), 4, which was 
isolated as an unstable red-brown oil: 

(3) 

The following spectroscopic results estab- 
lish the composition and structure of 4 as 
shown in Eq. (3): iH NMR (&acetone): S 
5.99 (2H, s, H& 4.01 (4H, s, HZ,& ‘)C 
NMR (&acetone): 6 127.64 (C3,3, 52.87 
(C&. EIMS: m/e 254 (parent ion = M+), 
226 (M+-CO), 198 (M+-2CO), 170 (M+- 
3CO), 86 (DHT+) base peak. IR (pentane): 
2045 w, 1965 m, 1939 s. A small amount of 4 
was heated in an evacuated NMR tube at 
120°C for 10 min, giving a black solid. The 
tube was cooled in an ice bath, and CDC13 
was added by syringe; the *H NMR spec- 
trum was then obtained. Resonances for 
only butadiene (-30%) and free 2,5-DHT 
(-70%) were observed. The formation of 
butadiene was confirmed by gas chromato- 
graphic-mass spectrometric analysis of the 
gaseous decomposition products. The ini- 
tial inorganic product of the reaction would 
presumably be Fe(CO)d(=S); however, 
since only an insoluble black solid (presum- 
ably FeS) was observed, the putative Fe 
(CO)d(=S) intermediate apparently decom- 
poses rapidly at 120°C with a loss of CO. 
Regardless of the inorganic products, metal 
coordination to 2,5-DHT as shown in Eq. 
(3) giving rise to the elimination of butadi- 
ene is consistent with the reactor studies. 

The combined results of the reactor stud- 
ies and the model organometallic com- 
pound experiments suggest an overall 
mechanistic pathway for thiophene HDS as 
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FIG. 1. Proposed mechanistic pathway for thiophene HDS via dihydrothiophene intermediates. 
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presented in Fig. 1. This pathway involves 
m-coordination of the thiophene to a metal 
site, surface hydride transfer to the 2-posi- 
tion of thiophene, and H+ addition from an 
SH group to the 3-position. [The actual na- 
ture of these acid sites has not been com- 
pletely determined. Some evidence using 
infrared spectroscopy of adsorbed NH3 
suggests that Brflnsted acid sites may exist 
predominantly on the alumina surface (20).] 
It is also possible that two hydrogen atoms 
(rather than H- and H+) may transfer in 
steps (1) and (2) to produce 2,3-DHT as an 
intermediate. This 2,3-DHT may be coordi- 
nated via the sulfur and olefinic bond as 
shown or only via the sulfur (17, 28). After 
isomerization of 2,3-DHT to 2,5-DHT, bu- 
tadiene is eliminated, leaving a surface sul- 
fide which could be removed as H2S upon 
reaction with hydrogen. The butadiene 
would be hydrogenated to the observed 
mixture of C4 hydrocarbon products. 

These studies are not offered as proof of 
the dominant occurrence of this pathway 
for thiophene HDS. However, this compre- 
hensive mechanism, which is based on ki- 
netic studies using model HDS catalysts 
and on the synthesis and characterization 
of relevant transition metal complexes, is 
offered as a plausible route for thiophene 
HDS. 

ACKNOWLEJXMENTS 

We thank Dr. George H. Spies for many helpful 
discussions. This work is sponsored by the Office of 
Basic Energy Sciences, Chemical Sciences Division. 
The Ames Laboratory is operated by the U.S. Depart- 
ment of Energy by Iowa State University under Con- 
tract Grant W-7405-Eng-82. 

REFERENCES 

1. Massoth, F. E., and MuraliDhar, G., “Proceed- 
ings, Climax 4th International Conference on the 
Chemistry and Uses of MO” (P. C. Barry and P. 
C. H. Mitchell, Eds.), p. 343. Climax Molybde- 
num Co., Ann Arbor, MI, 1985. 

2. Gates, B. C., Katzer, J. R., and Schuit, G. C. A., 

7. 

8. 

9. 

10. 
11. 

12. 
13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

297 

“Chemistry of Catalytic Processes.” McGraw- 
Hill, New York, 1979. 
Schuman, S. C., and Shalit, H., Catal. Rev. 4, 
245 (1970). 
Massoth, F. E., Adv. Catal. 27, 265 (1978). 
Markel, E. J., Sauer, N. N., Schrader, G. L., and 
Angelici, R. J., J. Catal., in press. 
Lesch, D. A., Richardson, J. S., Jacobson, R. A., 
and Angelici, R. J., .I. Amer. Chem. Sot. 106,290l 
(1984). 
Wright, C. J., Fraser, D., Moyes, R. B., and 
Wells, P. B., Appl. Catal. 1, 49 (1981). 
Givens, K. E., and Dillard, J. G., J. Catal. 86, 108 
(1984). 
Millman, W. S., Segawa, K. I., Smrz, D., and 
Hall, W. K. Polyhedron 5, 169 (1986). 
Tanaka, O., J. Catal. 78, 155 (1982). 
Massoth, F. E., and Kibby, C. L., J. Cutal. 47, 
300 (1977). 
Zdrazil, M., Appl. Catal. 4, 107 (1982). 
Zdrazil, M., Collect. Czech. Chem. Commun. 40, 
3491 (1975). 
Devanneaux, J., and Maurin, J., J. Catal. 69, 202 
(1981). 
Sauer, N. N., Angelici, R. J., Huang, Y. C. J., and 
Trahanovsky, W. S., 3. Org. Chem. 51, 113 
(1986). 
Everhardus, R. H., Grtifing, R., and Brandsma, 
L., J. R. Neth. Chem. Sot. 95, 153 (1976). 
Sauer, N. N., and Angelici, R. J., lnorg. Chem. 
26, 2160 (1987). 
Eekhof, J. H., Hogeveen, H., Kellog, R. M., and 
Klei, E., J. Organomet. Chem. 161, 183 (1978). 
Eekhof, J. H., Hogeveen, H., and Kellogg, 
R. M., J. Organomet. Chem. 161, 361 (1978). 
Valyon, J., Schneider, R. L., and Hall, W. K., J. 
Catal. 85, 277 (1984). 

NANCYN.SAUER* 
ERIC J. MARKELt 
GLENN L. SCHRADERt 
ROBERT J. ANGELICI* 

Departments of *Chemistry 
and Whemical Engineering 

and Ames Laboratory-USDOE 
Iowa State University 
Ames, Iowa 50011 

Received May 26, 1987; revised November 22, 1988 


