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forming self-assembled monolayers, and in organic 
synthetic routes, the field of sulfur reactions is contin- 
uing to expand. Desulfurization reactions induced by 
metals will be the focus of this review. 

A considerable amount of attention has been given 
to defining the reaction mechanisms involved in the 
hydrodesulfurization of petroleum feedstocks, due to 
their vast importance and widespread application in 
industry.' The basic hydrodesulfurization process 
consists of passing a sulfur-containing molecule over a 
catalyst in the presence of hydrogen and is 

C,H$ + nH, - hydrocarbons + HzS 

The catalyst generally used in hydrodesulfurization 
consists of a molybdenum disulfide phase, MoSz, pro- 
moted by the addition of either cobalt or nickel? Other 
metals such as Os, Rh, Ir, and Ru are known to be 
better catalysts, but due to the availability and lower 
cost of Mo, it is the catalyst of choice in industrial 
amlications. In mite of its industrial imwrtance, there 

1. Introduction 

The study of the reactions and bonding of sulfur- 
containing molecules is a field of wide importance and 
growing interest. Due to their importance in hydro- 
desulfurization catalysis, in forming metal-sulfur link- 
ages in biological systems, in electrode chemistry, in 

a& many things itill unknown about the catalyst. T h e  
active phase of the catalyst has been dubbed a 
Co-Mo-S phase in which the Co atoms are at the edges 
of MoSz  crystal^.^-^ However, the active site of the 
catalyst is still unknown. The effect of the catalyst 
support, alumina or activated carbon, also plays a 
pronounced role on hydrodesulfurization activity and 
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of the work has centered on the thiophenic compounds. 
Since thiophenes are the most difficult of the sulfur- 
containing molecules to desulfurize due to aromatic 
stabilization, most of the studies of developing catalysts 
have dealt with the reactions of thiophenes. Numerous 
studies of thiophene desulfurization have been per- 
formed on transition metal surfaces, as well as in or- 
ganometallic complexes. Even in the specific case of 
thiophene, the exact mechanism of thiophene hydro- 
desulfurization to form a mixture of butenes, butane, 
and butadiene is not well understood. 

2. lBe Clustersurface Analogy as Applied to 
Hydrodesulfurlzatlon Cataiysls 
Various approaches have and are beiig employed to 

more fully understand the mechanism for the hydro- 
desulfurization of sulfur-containing molecules. One 
approach is to study these reactions under actual re- 
action conditions using high surface area catalysta The 
complexity of the catalyst material and the possible 
contribution of highly active minority sites renders it 
impossible to study mechanisms on a molecular level 
under actual catalytic conditions. Furthermore, there 
are very few spectroscopic methods available to probe 
surface species in situ under realistic conditions. 

Studies of the reactions on highly ordered single- 
crystal metal surfaces or in structurally characterized 
discrete metal clusters have been undertaken in order 
to simplify the study of the sulfur-extmion process. In 
these cases, a well-defined system is employed which 
can be studied in detail to learn more about reaction 
intermediates and pathways, with the hope that this 
knowledge can be transferred to the actual catalyst 
system. 

2.1. Comparlson of Surface Chemistry and Hlgh 
Surface Area Catalysis 

The modeling of the hydrodesulfurization of sulfur- 
containing molecules on catalysts by studying the re- 
lated desulfurization process on single-crystal metal 
surfaces has received considerable attention. The 
complex structure of the catalyst surface can be mod- 
eled as a collection of minute single crystals. The 
properties of the single-crystal surfaces, crystal orien- 
tation or the presence of steps or kinks, can then be 
varied systematically to model the catalyst and to 
specifically defme the sensitivity of the desulfurization 
reaction on the metal atom geometry. For example, 
monitoring the desulfurization reaction of sulfur-con- 
tainiig molecules on surfaces with different structures, 
enables one to model the effect of surface structure in 
a controlled fashion. Similarly, the effect of chemical 
adsorbates on desulfurization kinetics can be followed 
by adding surface adsorbates, such as sulfur, carbon, 
cobalt, and hydrogen. 

There are clearly several significant differences be- 
tween studies of singlecrystab under ultrahigh vacuum 
conditions and high surface area catalysts under higher 
pressure conditions. The pressure regimes are dra- 
matically different; Torr for ultrahigh vacuum 
studies and pressures 2760 torr in actual catalytic 
conditions. Secondly, the reactions take place on dis- 
tinctly different substrates. In ultrahigh vacuum con- 
ditions, reactions occur on a -1 cm2 disk, while in 

BenJamin Carl Wlegand was born and raised in Urbana, IL. He 
receivd hls B.S. in chemisby hom h University of Illinois h 1986. 
He subsequently earned his A.M. in 1988 and his Ph.D. in 1991 in 
Chemistry from Harvard University. He is known for his work on 
the mechanisms of surface reactions invoMng heteroatom removal 
on single aystal metal surfaces under ubahigh vacuum condins. 
In 1989. he received the Mwton Traum Student Award in Surface 
Science in recognition of his work. He is presently a PosMoctoral 
Associate in the Materials Science department at the University of 
Illinois and intends to pursue a career in academia. 

Cynthla Friend is recognized for her research stbdylng complex 
reamns occurring on solid surfaces. Her work places emphasis 
on denning Um mechanism of reactions important in semiconductw 
device fabrication and heterogeneous cataiysis. She uses a c o m  
bined chemical and spectroscopic approach in order to fully un- 
derstand surface processes on a molecular level. Analogy wkh 
organometallic chemistry is relied upon to establish principles 
governing coordination and bond activation on surfaces. Her 
repertoire of experimental methods includes near-sdge X-ray ab- 
sorption fine structure (NEXAFS), quantitative Auger electron 
spect~oscopy. X-ray photoelectron spectroscopy, multiple intermal 
reflection Fourier transform infrared spectroscopy, and higtueso- 
lkmn e w o n  energy loss spectroscopy. She has received several 
honors recognizing her research. Her honors include the 1991 
Garvan Medal of the American Chemical Society. the 1991 Iota 
Sigma Pi Agnes Fay Morgan Research Award in Chemistry. the 
1990 Distinguished Young Alumna Award-University of California, 
Davis, a Union Carblde Innovation Recognition Award in 1988-89. 
an NSF Pre " t k4  Ywng InvestQatw Award in 1985, and an IBM 
Facuity Development Award for the period 1983-1985. She was 
also the 1991 Lucy Picketl Lecturer at Mount Holyoke College. is 
the 1992 Cargill Lecturer at the University of South Flwida. and is 
a 1992 Welch lecturer. In  addition to her research, Prof. Friend 
is actively involved in teaching and in the process of encouraging 
young women to pursue a career in science. She is a current 
member of the Board of Trustees. Radclfle Collsge, and a member 
of the NSF Chemistry Advisory Panel. 
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-7 catalytic situations, metals are often dispersed on high 
surface area oxide supports (- 100-200 m2/gh8 The 
metal particles in high surface area catalysts are prob- 
ably sufficiently large that the single crystals are a good 
model. Care must be taken when applying concepts 
derived from ultrahigh vacuum studies to higher pres- 
sure conditions to account for the "pressure gap", but 
there are several examples where this has been suc- 
cessfully d ~ n e . ~ J ~  

A main advantage of ultrahigh vacuum conditions is 
that a variety of surface-sensitive tools are available to 
probe the surface, including Auger electron, high-reso- 
lution electron energy loss, temperature-programmed 
reaction, and X-ray photoelectron spectroscopies, low- 
energy electron diffraction, and near-edge X-ray ab- 
sorption fine structure. Temperature-programmed re- 
action spectroscopy is used to measure reaction kinetics, 
as well as determine reaction products. Auger electron 
and X-ray photoelectron spectroscopies determine the 
composition of the surface at various stages of reaction. 
X-ray photoelectron spectroscopy also provides im- 
portant information about the nature of species on the 
surface and is specifically used to determine the con- 
ditions necessary for C-S bond breaking. High-reso- 
lution electron energy loss, in conjunction with X-ray 
photoelectron spectroscopy, identifies surface inter- 
mediates and in some cases provides structural infor- 
mation. Low-energy electron diffraction is used to 
evaluate the degree of long-range order of metal surfaces 
with and without added surface adsorbates. Near-edge 
X-ray absorption fine structure is used for determining 
orientation of species that can be isolated on the sur- 
face. Such structural information is particularly im- 
portant for theoretical modeling of the bonding of 
surface intermediates. These spectroscopic tools com- 
plement each other and must be used in conjunction 
with other methods to fully understand a reaction 
mechanism. Chemical probes, such as isotopic labeling 
and temperature-programmed reaction spectroscopy 
when other surface species are present, are also used 
to enhance the power of these tools. Mass spectrometry 
is used to identify gas-phase reaction products because 
of its high sensitivity and compatibility with ultrahigh 
vacuum conditions. Since the surface area of a single 
crystal is only on the order of 1 cm2, only -1014-1015 
molecules are produced during a reaction. 

As an example of the capability of the surface spec- 
troscopic tools, the identification of the intermediates 
formed during reaction of tert-butanethiol on Mo(ll0) 
are described." X-ray photoelectron and high-resolu- 
tion electron energy loss spectroscopies together con- 
firm the presence of tert-butanethiolate as the sole in- 
termediate on the surface up to hydrocarbon formation 
temperatures. 

X-ray photoelectron data were taken of condensed 
tert-butanethiol and used as a reference state (Figure 
la). There is one sulfur species on the surface with 
S(2p3,J and S ( ~ P , / ~ )  binding energies of 163.4 and 164.6 
eV.12 There is a broad asymmetric C(1s) spectrum that 
is best fit with two peaks at  285.8 and 284.9 eV in a ratio 
of 1:3; the peak at  285.8 eV is assigned to the carbon 
bound to the sulfur, while the peak at  284.9 eV is as- 
signed as the other three equivalent carbons. 

There is a single intermediate detected on the surface 
in X-ray photoelectron data when tert-butanethiol is 

400 K 

I I I I 

I I I I 

t ,  I 
188 188 164 162 160 158 290 288 286 284 282 280 

B!nding energy ( e V )  
Figure 1. (i) S(2p) and (ii) C(1s) X-ray photoelectron spectra 
of (a) tert-butanethiol multilayer8 and a tert-butanethiol mon- 
olayer annealed to (b) 120 K, (c) 400 K and (d) 800 K !reprinted 
from ref 11; copyright 1992 American Chemical Society). 

exposed to Mo(llO), which is identified as a surface 
tert-butanethiolate (Figure lb). The S(2p) binding 
energies are 162.6 and 163.8 eV, in good agreement with 
those reported previously for thiolates on M o ( ~ ~ O ) . ~ ~ * ' ~  
They are clearly different than those of atomic sulfur, 
161.3 and 162.5 eV (Figure ld).13 

C(1s) photoelectron data are also consistent with the 
presence of a tert-butanethiolate intermediate. Again, 
a broad asymmetric spectrum is seen that is best fit 
with two peaks at  285.4 and 284.8 eV in a ratio of 1:3. 
These data are in agreement with an intact tert-butyl 
hydrocarbon skeleton in the intermediate. The data is 
not consistent with the presence of adsorbed hydro- 
carbon intermediates on the surface, as these would be 
expected to have binding energies of -283-284 eV.15 

The S-H bond of tert-butanethiol is broken upon 
adsorption at  120 K on the basis of vibrational data 
(Figure 2b, Table I). Electron energy loss was chosen 
as the vibrational probe because of its high sensitivity. 
Electron energy loss data of condensed tert-butanethiol 
were taken and used as a reference state (Figure 2a). 
Importantly, a low due to the v(S-H) mode at 2525 cm-' 
is seen in the condensed thiol spectra. However, for 
coverages less than or equal to a monolayer, the v(S-H) 
mode is absent and all other features remain essentially 
the same as for the condensed thiol (Figure 2b). The 
absence of the S-H stretch demonstrates that this bond 
is broken when tert-butanethiol is exposed to the Mo 
surface. 

Annealing the surface to temperatures past hydro- 
carbon formation (400 K) produces atomic sulfur and 
hydrocarbon fragments on the surface (Figure IC). 
There are two S(2p) peaks at 161.3 and 162.5 eV in good 
agreement with binding energies expected for atomic 
sulfur. C(1s) data evidence a peak at  -283 eV, again 
in good agreement with expected binding energies for 
hydrocarbon fragments. Further annealing to 800 K 
results in the presence of atomic carbon and sulfur on 
the surface (Figures Id  and 2c). Only v(meta1-S) and 
v(meta1-C) modes are seen in the electron energy loss 
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Since hydrodesulfurization reactions take place on a 
Co- or Ni-promoted MoSz surface, most of the studies 
have been performed with clusters of these metals. 
Other related metals, such as osmium, ruthenium, and 
tungsten as well as vanadium, niobium, and tantalum 
are also under intense study. The ability to make 
discrete bimetallic clusters is an effective way to model 
hydrodesulfurization catalysts since a variety of dif- 
ferent environments involving Co, Mo, and S can be 
built in order to systematically study the effect of co- 
ordination site on bonding and reactivity. 

Once these metal clusters are formed, their reactions 
and intermediates are amenable to study, with a wide 
variety of spectroscopic techniques used in an effort to 
learn more about mechanistic detail. These compounds 
are typically characterized by nuclear magnetic reso- 
nance, Fourier transform infrared spectroscopy, Raman 
spectroscopy, and X-ray crystallography. With the aid 
of these spectroscopies, atom positions, bond strengths, 
bond lengths, and coordination types of the starting 
molecules and further reaction intermediates are de- 
termined by these methods. An additional benefit of 
this approach is the ability to follow the reactions of 
specific intermediates under reaction conditions. 

Discrete metal clusters may differ from catalysts in 
several important ways. First of all, it may not be 
possible to synthesize the desired intermediates. For 
example, only until very recently have thiophenic re- 
action intermediates been synthesized. Intermediates 
that contain both thiolates and hydrides have also only 
been synthesized in the last year or two. Furthermore, 
there may be significant differences in the types of 
ligand binding in metal clusters and on a surface. The 
bonding of ligands is often affected by other ligands on 
the same metal center due to both electronic and steric 
effects. Since the same environment is not present on 
a surface, in general, there are several examples of 
bonding in complexes that are not possible on surfaces. 
For example, there are several recent examples of ring 
compounds that bind to two different metals on dif- 
ferent faces of the ring. Also, the varying oxidation 
states of the metal in the clusters can also lead to dif- 
ferent chemistry. In this regard, the effect of oxidation 
state in high-surface area catalysts can be modeled 
effectively, but the cluster-surface analogy may break 
down for extended surfaces. Differing degrees of co- 
ordinative unsaturation on extended surfaces and in 
clusters may also lead to differences in reactivity. Ex- 
tended metal surfaces are highly coordinatively un- 
saturated and there are typically several adjacent co- 
ordination sites. These surface structures may not be 
available in a discrete cluster. 

In spite of these differences, there has been a recent 
upsurge in the synthesis of metal clusters as models for 
catalysts. The synthesis of clusters with unusual 
bonding has opened new doors for catalyst design and 
it is, thus, a burgeoning field. 

600 

MJ \~ 800 K 

2930 

A x 10 2940 
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Figure 2. High-resolution electron energy loss spectra of (a) 
tert-butanethiol multilayers at 120 K, (b) tert-butanethiol mon- 
olayers at 120 K, and (c) tert-butanethiol multilayers annealed 
to 800 K (reprinted from ref 11; copyright 1992 American Chemical 
Society). 

spectra of tert-butanethiol annealed to 800 K; no losses 
attributable to v(C-C) or v(C-H) modes were seen. 

There are fewer spectroscopic methods available 
which can probe reactions under higher pressure con- 
ditions, since electron spectroscopies cannot be used. 
The catalyst surface is often analyzed ex situ using 
electron spectroscopies, such as X-ray photoelectron 
spectroscopy, however. Reaction products can be an- 
alyzed using gas chromatography because of the high 
surface area. Mass spectrometry is also sometimes used 
on samples of the gas in the reactor. Infrared spec- 
troscopy is the primary tool for probing the catalyst 
surface during reaction since it is compatible with the 
higher pressures. Polarization modulation can be used 
to eliminate the contribution of the gas phase and 
specifically study surface intermediates. The heterog- 
eneity of the catalyst sample often renders interpreta- 
tion of the infrared data difficult, however. Peaks due 
to different species are often not resolved even for 
simple diatomica such as CO. Overall, it is not possible 
to identify surface species on high surface area materials 
in detail. 

2.2. Comparlson of Organometallic Chemlstry 
wlth Surface Chemlstry 

Inorganic and organometallic chemists have used 
their ability to synthesize discrete metal clusters with 
sulfur-containing molecules in different binding sites 
and coordination geometries, in an effort to model early 
stages of the hydrodesulfurization process. The binding 
of molecules on extended metal surfaces and in clusters 
are thought to be similar suggesting that the bonding 
of molecules to metals is primarily a localized phenom- 
ena based on both experimental and theoretical stud- 
ies.le-19 The primary advantages of studying discrete 
clusters or complexes are that their structures are 
readily characterized and that theoretical modeling is 
simplified since there are fewer atoms than on an ex- 
tended surface. 

3. Scope of lhls Review 

This review wil l  focus on model studies of the related 
desulfurization reactions of cyclic sulfides and thiols 
under ultrahigh vacuum conditions on single-crystal 
metal surfaces. A direct comparison of the reactions 
of the same compounds in organometallic complexes 
will be made, where appropriate, and possible parallels 
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Figure 3. Proposed mechanisms for thiophene hydro- 
desulfurization (reprinted from ref 38; copyright 1987 American 
Chemical Society). 

in the two fields will be examined. As mentioned be- 
fore, the reactions of molecules with thiophenic func- 
tionalities have been a central topic of research in this 
field. However, their reactions have been central topics 
in reviews of desulfurization on metal surfaces” and in 
organometallic complexes,7t2l so only a brief summary 
and very recent results of the reactions of these com- 
pounds on single-crystal metal surfaces and in organo- 
metallic complexes will be given here. This review is 
intended to cover the study of the literature on the 
mechanism for thiol desulfurization over the last 5 
years. Specifically, desulfurization of thiols used in 
synthetic procedures, and catalyst studies, where cat- 
alyst structure was the main concern, are not covered 
here. Due to the vastly growing field, we apologize for 
any of the many excellent papers overlooked in this 
review. 

4. Thlophene 
The reactions of thiophene and related molecules 

have been the most widely studied compounds in efforts 
to understand the hydrodesulfurization mechanism. 
There have been three basic models proposed for the 
hydrodesulfurization reaction (Figure 3). In one 
scheme, hydrogenation of the thiophene ring to form 
a 2,3-dihydrothiophene intermediate is the first step.22 
Nucleophilic attack at the 2-position by a hydride has 
been specifically proposed a~ the first step, on the basis 
of model studies of homogeneous transition metal 
complexe~.~ Alternatively, hydrogenolysis of the car- 
bon-sulfur bonds may occur directly, forming 1,3-bu- 
tadiene.23 Finally, thiophene desulfurization may pro- 
ceed without hydrogen via @-hydrogen elimination to 
produce diacetylene which would be subsequently hy- 
d r~gena ted .~~  A fourth proposal has been recently 
presented which involves C-S bond cleavage of the 
thiophene before hydrogenation via bonding of the 
thiophene to two metal 

In an effort to learn more about the hydro- 
desulfurization reaction, the combination of model or- 
ganometallic and surface studies has been undertaken. 
The study of thiophene on surfaces has centered on its 
binding geometry and further reactivity. On the other 
hand, the ability to synthesize thiophene in different 
binding modes has only been possible recently,21 so that 
giant strides are being made. As mentioned previously, 
only a brief review of the work will be given here, and 
we refer the readers to excellent reviews on the sub- 

A rich variety of different binding geometries have 
been accessed for thiophene bound in organometallic 
complexes (Figure 4).21 q1,S-Bound,7,s28 q4-bound,s32 

jeCt.7&W 

q5-bound,”w2 44,S-p2-b~~d,2581’43,44 94,S-p3-b0Und,25’45 

M‘ M’- M’ 
\ /  & 4 Fs 

M M 

q4,S-fi3.bound q2-bound q‘,S-fi~-bound 

Figure 4. Known coordination geometries of thiophene in or- 
ganometallic complexes (reprinted copyright 1990 Elsevier Science 
Publishers, B.V.). 

and V2-bound6 geometries have all been reported. A 
wide variety of binding geometries of the thiophene 
intermediates are available via synthetic routes, so that 
attention can now be placed on investigating the re- 
activity of these complexes. 

Early studies of thiophene desulfurization found that 
an .r15-coordination of the thiophene in the clusters 
mimicked the activity and selectivity for H-D exchange 
in thiophene over actual catalysts. Selective exchange 
of the C-H bonds adjacent to sulfur in thiophene was 
observed for high surface area MoS2 catalysts and for 
q5-coordinated thiophene in a ruthenium thiophene 
complex. In fact model studies of Mn,4lP2 R U , ~ J ’ ~ ~  and 
Fe42 complexes all exhibit similar reactivity. 

Calculations modeling the interaction of thiophene 
with molybdenum clusters show that there is weakening 
of the C-S bond at the positions a to sulfur in a q5- 
bound thiophene, but not in a #,S-bound thiophene 
c0mplex.4~ Ring opening of the thiophene intermediate 
has been seen to occur at the a-position by nucleophilic 
attack of a hydride. 

Recently, coordination of the thiophene through the 
sulfur has been intensely investigated. Most of the early 
$,S-bound complexes were only weakly bound and were 
easily displaced, in contrast to surface studies where 
desulfurization to atomic constituents took place. 
However, recent results show that ql,S- and q4-coordi- 
nation can lead to metal insertion into the C-S bond, 
which is important in the pathway for thiophene de- 
sulfurization (Figure 5). 2 5 4 3 9 4 8  In fact, q4-coordination 
of the thiophene made the sulfur more basic and also 
led to sulfur adducts that were tightly bound. 

In spite of the intense effort in studying the reactions 
of thiophene in organometallic complexes, desulfuriza- 
tion of thiophene to form gas-phase products has not 
been observed. The reaction of thiophene with 
Fe3(C0)12 produced FeS and Fe2(CO)&C4H4) in low 
yields, however.49 

Hydrogenation products have only been seen during 
thiophene reaction on a few surfaces under ultrahigh 
vacuum conditions. Butadiene is formed from thioph- 
ene reaction on Pd(ll l) ,w Pt(lll),51*52 and Rh(lll).s3 
Various hydrocarbons are also seen from the reaction 
of thiophene on Ni(ll1)” and W(211).& Interestingly, 
all of these surfaces are known hydrogenation catalysts, 
so it appears that the ability to facilitate C-H bond 
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drogenation of thiophene to form 2,&dihydrothiophene 
has been proposed to be the initial step in thiophene 
hydrodesulf~rization.~~~~ The 2,3-dihydrothiophene 
intermediate is proposed to readily isomerize to the 
more stable 2,5-dihydrothiophene intermediate which 
eliminates butadiene. In light of this, the reaction of 
2,bdihydrothiophene was studied on Mo(ll0). 

Butadiene is produced during temperature-program- 
med reaction of 2,5-dihydrothiophene on Mo( l10).63 
Dihydrothiophene intramolecularly eliminates butadi- 
ene with - 70% selectivity. The kinetics for butadiene 
elimination are very rapid but depend on the presence 
of sulfur. 

The reactivity of 2,5dihydrothiophene is very similar 
on Mo(ll0) and in complexes. These results indicate 
that desulfurization of partially hydrogenated rings is 
facile and that hydrogenation may precede C-S bond 
breaking during thiophene reaction under appropriate 
conditions. On Mo(llO), no hydrogenation products are 
seen during thiophene desulfurization. This is probably 
due to a combination of the low hydrogen pressure and 
the low hydrogenation activity of Mo, both of which will 
render hydrogenation slow. Gaseous butadiene is di- 
rectly eliminated from 2,bdihydrothiophene with very 
high selectivity on M 0 ( l l 0 ) ~ ~  and M0(1lO)-p(4Xl)-S.~ 
Butadiene formation from 2,5-dihydrothiophene occurs 
in a direct intramolecular elimination reaction, whereas 
hydrocarbon production from thiophene requires hy- 
drogenation. A minimum of two C-H bonds must be 
formed to make butadiene from thiophene, for example. 
Interestingly, butadiene formation is also seen from 
reaction of 2,5-dihydrothiophene and of thiophene on 
Rh(111).53v65 These results suggest that 2,bdihydro- 
thiophene may be an intermediate in the desulfuriza- 
tion of thiophene on Rh(ll1) even under ultrahigh 
vacuum conditions. The higher hydrogenation activity 
of Rh would account for the rapid ring hydrogenation. 

/ v - C o o r d i n a t i o n  

Figure 5. Proposed mechanism for an $-sulfur bound rhodium 
thiophene complex (reprinted from ref 48; copyright 1991 Am- 
erican Chemical Society). 

formation is important. The lack of hydrogenation 
activity under ultrahigh vacuum conditions is almost 
certainly a direct result of the low hydrogen pressure. 
Under higher pressure conditions, the steady-state hy- 
drogen concentration would be higher on the surface 
and the hydrogenation yields on all surfaces studied are 
expected to increase. 

The reactions of thiophene have also been studied on 
Re(OOO1),ffi Mo(~OO):~ M0(110),5~ and RU(OOO~).~~ The 
reaction of thiophene on these surfaces results mainly 
in nonselective decomposition to atomic sulfur and 
carbon and gaseous dihydrogen. The presence of non- 
selective decomposition makes determination of a de- 
tailed mechanism difficult, although formation of me- 
tallacycle intermediates have been p r o p o ~ e d . ~ ~ * ~ ~  No 
activation of thiophene is seen from the reaction on 
CU(100).61 

The initial binding geometry of thiophene, important 
in cluster desulfurization of thiophene, does not corre- 
late with reactivity on extended metal surfaces. For 
example, thiophene is tilted on Pt(lll)51 but nearly 
parallel to Rh(111)53 even though thiophene desulfurizes 
to butadiene on both surfaces. No hydrogenated 
thiophene intermediates were isolated in these studies, 
although the mechanistic details were not mapped. 

The orientation of thiophene with respect to metal 
surfaces is sensitive to its coverage and the coverage of 
coadsorbed hydrocarbons and sulfur. On most surfaces, 
a parallel geometry is favored at low coverage and a 
more perpendicular disposition of the ring is favored 
at  high coverage. The exceptions are Rh(lll)53 and 
Cu(111)62 for which there are parallel geometries at all 
coverages studied. These coverage-dependent phe- 
nomena are probably due to intermolecular interactions 
and would be analogous to steric interactions with 
neighboring ligands in a discrete cluster or complex. 

The reactions of partially hydrogenated thiophenes 
have also been studied in an effort to probe for inter- 
mediate steps involving ring hydrogenation. Even 
though the hydrogenation of thiophene has not been 
observed under ultrahigh vacuum conditions, the pos- 
sibility of ring hydrogenation must be considered since 
the pressure of H2 is considerably higher under actual 
catalytic conditions. Furthermore, the reactivity of 
2,5-dihydrothiophene has been studied in complexes so 
that this serves as a good point of comparison for the 
reactivity of surfaces and clusters. In complexes, hy- 

4.1. Comparlson of Thlophene on Metal 
Surfaces and In Clusters 

There are many parallels in the reactions and bonding 
of thiophenes on metal surfaces and in clusters. Both 
ql,S'- and g5,a-bound thiophenic intermediates were 
shown to be important adsorption geometries in both 
surfaces and in clusters. In fact, the observation of 
sulfur-bonded thiophene on surfaces led to the intense 
search for these intermediates in organometallic clus- 
ters. The importance of hydrogen in thiophene de- 
sulfurization was also demonstrated for both cases. 
Hydrocarbon products are only seen on metal surfaces 
with high hydrogenation capabilities. Hydrocarbon 
formation from 2,5-dihydrothiophene and not from 
thiophene on Mo(ll0) further supports the proposal 
that hydrogen is important in the desulfurization. 
Likewise in organometallic clusters, the reactions of 
hydride sources with thiophenic bound clusters were 
seen to promote C-S cleavage. 

The primary differences between the desulfurization 
studies of thiophene on metal surfaces and in clusters 
are the absence of desulfurization products produced 
from reactions induced by clusters and the difficulty 
in isolating structural intermediates on metal surfaces. 
Butadiene formation is seen on a number of sur- 
f a c e ~ , ~ ~ . * ~ ~  while hydrocarbon formation is not gener- 
ally seen in cluster reactions. On the other hand, the 
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Figure 6. Proposed mechanism for thietane desulfurization on Mo( 110) (reprinted from ref 85; copyright 1987 American Chemical 
Society). 

b~tadienethiolate~~@ and ferr01e~~ intermediates have 
been isolated in organometallic complexes. No inter- 
mediates have been unequivocally identified, although 
metallacyclic structures have been proposed for the 
reactions of thiophene on metal surfaces. 

Recently, the synthesis of thiophene coordinated to 
multiple metal centers on opposite faces of the ring has 
raised the possibility of unique chemistry in clus- 
t e r ~ . ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  These binding configurations would be 
unaccessible on the surface, so that inherent differences 
in the two regimes will curtail comparison between 
them. 

5. Cycllc Sulfldes 

5.1. Cycllc Sulfldes on Mo(ll0) 

The reactions of cyclic sulfides have been under in- 
tense investigation, mainly on Mo(ll0). Since hydro- 
genation of thiophene intermediates may be important 
in hydrodesulfurization and are components of feed- 
stocks themselves, understanding the reactivity of cyclic 
sulfides on surfaces is important. 

The size and amount of ring strain in the cyclic 
sulfides were varied on Mo(ll0) in an effort to learn 
more about their effects on cyclic sulfide desulfurization 
kinetics. Four channels were available during de- 
sulfurization: ring opening to form a thiolate followed 
by decomposition to alkane and alkene; intramolecular 
elimination; nonselective decomposition to atomic 
carbon and sulfur and gaseous dihydrogen; and mo- 
lecular desorption. Figure 6 shows the reaction mech- 
anism for a particular cyclic sulfide, thietane, which has 
three channels available to it. Table I shows the 

available channels observed for the C2-C5 cyclic sulfides. 
The amount of ring strain governs the kinetics of ring 

opening of the cyclic sulfides to form the corresponding 
thiolates on Mo(ll0). Thiolate formation was reported 
for all cyclic sulfides studied, except for the C2 sulfide, 
thiirane. For example, ring opening of the highly 
strained C3 sulfide, thietane, led to propanethiolate 
formation on Mo( 110). The propanethiolate interme- 
diate then underwent competing C-S bond hydrogen- 
olysis to form propane and C-S and C-H bond scission 
to form propene. Hydrocarbons were also formed in the 
reactions of tetrahydrothiophene and pentamethylene 
sulfide, which produced butane and butene and pentane 
and pentene, respectively. In fact, ring opening of 
pentamethylene sulfide to form pentanethiolate was 
proposed to be the rate-limiting step in pentamethylene 
sulfide desulfurization. 

The selectivity and kinetics of hydrocarbon formation 
from the thiolate intermediate is dramatically influ- 
enced by the amount of surface hydrogen. The yield 
of hydrocarbon products, butane and butene, from 
tetrahydrothiophene reaction increases by a factor of 
6 when a saturation coverage of surface hydrogen is 
present. Also, the temperature of butane formation was 
decreased by 115 K by a saturation coverage of hy- 
drogen. Correspondingly, the rate-limiting step was 
proposed to be C-S bond hydrogenolysis of the tetra- 
hydrothiophene ring. There is no external source of 
hydrogen available for ring opening of the cyclic sulfides 
on Mo(ll0). Hence, nonselective decomposition of the 
molecule is the only source of hydrogen available. In 
accordance, X-ray photoelectron spectra of penta- 
methylene sulfide multilayers annealed to 250 K, for 
example, showed that atomic sulfur and carbon were 
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Figure 7. Reaction mechanism for deuterium incorporation into 
tetrahydrothiophene (reprinted from Friend, C. M.; Roberts, J. 
T. Acc. Chem. Res. 1988, 21, 394; copyright 1988 American 
Chemical Society). 

present, indicating that nonselective decomposition had 
occurred?' However, by preadsorbing surface hydrogen 
on the surface, the kinetics for ring opening are in- 
creased relative to nonselective decomposition, and the 
amount of hydrocarbon formation is increased. 

The importance of a thiolate intermediate during 
cyclic sulfide desulfurization is further supported by 
studies of their decomposition in the presence of 
coadsorbed deuterium (Figure 7). A maximum of two 
deuteriums are incorporated into the alkane product 
formed, consistent with thiolate formation via ring 
opening and then a one-step hydrogenolysis to form the 
alkane. Importantly, only one deuterium is incorpo- 
rated into the alkene product formed. This confirms 
that no reversible C-H(D) bond activation occurs. 

The amount of ring strain was seen to control the 
formation of the intramolecular elimination product in 
cyclic sulfides. No intramolecular elimination product 
was detected in the reaction of the unstrained rings, 
tetrahydrothiophene (2 kcal/mol) and pentamethylene 
sulfide (0 kcal/mol). In contrast, ethylene and cyclo- 
propane were formed from reaction of thiirane (18 
kcal/mol) and thietane (19 kcal/mol), respectively. 

The formation of ethylene from thiirane on Mo(ll0) 
via intramolecular elimination was calculated to occur 
with little activation energyqe8 Importantly, higher co- 
ordination binding sites of thiirane were energetically 
preferred over single-coordination sites. Binding of the 
thiirane in the higher coordination site led to weakening 
of the C-S bond and to formation of a second C-C 
bond, consistent with C-S bond weakening and for- 
mation of the C=C double bond upon adsorption. 
Similar results were also seen for the reaction of thie- 
tane on M0(110).~* 

The third channel, molecular desorption, was also 
governed by the ring size and amount of ring strain. A 
fraction of the unstrained cyclic sulfides, tetrahydro- 
thiophene and pentamethylene sulfide, molecularly 
desorb whereas 100% of the highly strained rings, 
thiirane and thietane, react. The activation energy for 
molecular desorption is not expected to vary dramati- 
cally for the different cyclic sulfides; only a small in- 
crease in the desorption temperature is anticipated as 
the molecular weight of the cyclic sulfide increases. 
Hence, the increase in the desorption yield for the un- 
strained rings must indicate a decrease in the kinetics 
for ring opening rendering molecular desorption com- 
petitive with ring opening. For the highly strained 
molecules, ring opening is considerably more rapid than 
desorption. 

The fourth channel, nonselective decomposition to 
atomic carbon and sulfur and gaseous dihydrogen was 
seen for all cyclic sulfides studied. Nonselective de- 
composition is the sole source for thiolate hydrogen- 

H \  /H retention of 
double bonds 2- c* 

Figure 8. Possible intermediates formed during the reaction of 
tetrahydrothiophene on Pt(ll1) (reprinted from ref 52; copyright 
1987 Elsevier Science Publishers B.V.). 

olysis to form alkanes. As the ring strain in the cyclic 
sulfide decreases, the kinetics of nonselective decom- 
position are more competitive with ring opening. This 
is borne out in the relative selectivity as a function of 
ring strain. The selectivities for the unstrained cyclic 
sulfides, pentamethylene sulfide (20%) and tetra- 
hydrothiophene (25%), are much lower than the se- 
lectivities for thietane (45%) and ethylene sulfide 
(85%) .  

5.2. Cyclic Sulfldes on Other Surfaces 

Although not as extensively studied, there are many 
similarities between the chemistry of cyclic sulfides on 
Mo(ll0) and that seen on other surfaces. For example, 
thiolate formation was proposed as the intermediate in 
tetrahydrothiophene desulfurization on W(211). It was 
proposed to subsequently react to form butane and 
butene. In contrast, no thiolate intermediate was seen 
for the reaction of tetrahydrothiophene formation on 
the faces of platinum single crystals; rather, a metal- 
lacycle is proposed (Figure 8).52 

The release of ring strain in thiirane to form ethylene 
has also been seen before on other metal surfaces. 
Gaseous ethylene was observed during the reaction of 
thiirane on Rh(lll),65 while ultraviolet photoelectron 
spectra were consistent with ethylene formation on the 
C ~ ( l l 0 ) ~ ~  and Cu( surfaces. Finally, molecular 
desorption was seen to be the dominant reaction 
channel for the reaction of the C3-C5 cyclic sulfides on 
Cu( 110); no desulfurization was reported.69 

5.3. Comparlson to Organometallic Complexes 

The reactivity of cyclic sulfides is very similar on 
surfaces and in clusters. Indeed, ring opening was also 
important in the reaction of cyclic sulfides in metal 
c l u ~ t e r s . ~ l - ~ ~  Therefore, a similar dependence of de- 
sulfurization kinetics on the ring strain of cyclic sulfides 
is anticipated in clusters as for Mo. In fact, the same 
products were reported for the reaction of tetrahydro- 
thiophene with WC&74 as for M0(ll0)'~ and W(211);55 
butane and butene were formed.74 Likewise, the reac- 
tion of a thietane in an osmium cluster formed a 2- 
propene-1-thiolate via ring opening and /3 C-H bond 
scission, again similar to proposed intermediates for 
Mo(ll0) (Figure 9).71972 

The reactions of thiiranes and substituted thiiranes 
with metal clusters are similar to those on metal sur- 
faces. For example, desulfurization of thiiranes has 
been observed with metal complexes of all of the metals 
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Figure 9. Reaction of thietane with osmium cluster (reprinted 
from ref 72; copyright 1990 American Chemical Society). 
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Figure 10. Proposed mechanism for thietane oligomerization 
in osmium cluster (reprinted from ref 82; copy-right 1991 American 
Chemical Society). 

used in hydrodesulfurization. Fe,76 M o , ~ ~  Rh,76 Os,79980 
and bimetallit? complexes are all active desulfurization 
agents of thiiranes. Unfortunately, detailed mecha- 
nisms are not provided for most desulfurization reac- 
tions in these complexes, so that a comparison of re- 
active intermediates between the surfaces and the 
clusters is not generally possible. 

A new pathway is seen for thietane reaction in metal 
clusters. Ring opening oligomerization of 3,3-di- 
methylthietane to form 11-osmo-2,2,6,6,10,10-hexa- 
methyl-4,8-dithiaundecanethiolato was seen (Figure 

Importantly, oligomerization was only seen for 
thietane in a r2-bonding geometry; a mononuclear 
binding site for thietane produced no further reaction. 
Oligomerization was also seen in the reaction of thiirane 
with an osmium cluster.83 In contrast, no oligomeriza- 
tion was seen during the reaction of thietane on Mo- 
(110), where it is thought to bind in a polynuclear site. 
However, the low coverages of reactants and hydrogen 
pressure on single-crystal surfaces are not optimal 
conditions for oligomerization.84 Some oligomerization 
has been proposed for the reaction of thiophene on 
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Figure 11. Mechanism for thiol desulfurization on Mo(ll0). 

Ni(lll),  but detailed mechanistic information was not 
obtained.54 

6, Thlols 
The reactions of thiols on metal surfaces and in metal 

clusters have also led to significant understanding of 
the hydrodesulfurization mechanism. Due to the sig- 
nificance of the thiolate intermediate in cyclic sulfide 
desulfurization, a detailed understanding of its re- 
activity is important. Cleavage of the weak S-H bond 
of a thiol on a metal surface would be an ideal synthetic 
route to thiolates. In fact, methyl thiolate is formed 
from methanethiol on many different metal surfaces. 
More complex thiols were also studied on the Mo(ll0) 
surface, with comparative studies of thiols with different 
alkyl substituents leading to a detailed knowledge of 
the reaction mechanism, in particular the relative im- 
portance of C-S and C-H bond breaking and making 
processes. 

6.1. Thiols on Mo( 110) 

In order to determine the mechanism for thiol reac- 
tions on metal surfaces, a systematic study of their 
reactivity on Mo(ll0) was performed. The C2-C5, pri- 
mary ben~enethiol,'~ tert-butanethiol," 
and 2-propene-1-thiole7 were studied on Mo( 110). 
Based on these results, a general mechanism was pro- 
posed to account for the reactivity of all thiols on Mo- 
(110) (Figure ll). As seen in the reaction of cyclic 
sulfides, the thiolate intermediate was observed to be 
the kinetically important intermediate in thiol desul- 
furization on Mo(ll0). 

The presence of the surface thiolate on Mo(ll0) has 
been confirmed by high-resolution electron energy loss 
and X-ray photoelectron ~ p e c t r o s c o p i e s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The 
thiolate reacts via similar competing channels as seen 
for the cyclic sulfides: C-S bond hydrogenolysis to form 
the corresponding alkane; C-H and C-S bond scission 
to form the alkene; and nonselective decomposition to 
form atomic carbon and sulfur and gaseous dihydrogen. 
Molecular desorption was not observed during the re- 
actions of thiols on Mo(ll0). 
6.1.i. tert-Butanethiol on Mo(l10) 

tert-Butanethiol undergoes desulfurization on Mo- 
(110) via the proposed mechanism to form alkane 
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(isobutane) and alkene (isobutene) products. In order 
to determine which specific isomer was formed for both 
products, fragmentation patterns of the hydrocarbon 
products formed were quantitatively measured using 
an electron energy of 27 eV and compared to fragmen- 
tation patterns of authentic samples of the butane and 
butene isomers measured at  27 eV. Under normal op- 
erating conditions which utilize an electron energy of 
70 eV, the mass spectra of the various isomers of butane 
and butene are not significantly different. However, 
at an electron energy of 27 eV, differences in the frag- 
mentation patterns of the isomers are augmented and 
the specific isomers could be distinguished.'l 

The identification of the specific butane and butene 
isomers formed during tert-butanethiol desulfurization 
was essential for testing the general mechanism pro- 
posed for straight-chain thiols. The formation of iso- 
butane is most direct from hydrogenolysis of the tert- 
butanethiolate intermediate, as rearrangement to the 
primary alkane is thermodynamically unfavorable. The 
formation of isobutene from the dehydrogenation of the 
tert-butanethiolate intermediate at the 2-carbon also 
agrees with our mechanism. Dehydrogenation at the 
2-carbon had been previously proposed for the 
straight-chain t h i o l ~ , ' ~ J ~ ~ ~ ~  and these results gave sup- 
porting evidence to this premise. 

The selective dehydrogenation at  the 2-position 
suggests that C-S bond breaking precedes C-H bond 
breaking. The C-H bond at  the l-carbon is expected 
to be more readily cleaved than the 2-C-H bond in an 
intact thiolate since the electronegative sulfur is ex- 
pected to decrease the homolytic bond strength for the 
C-H bond at the l-position. Such selectivity has been 
demonstrated for various alkoxides on metal sur- 
faces.w1 Formation of a hydrocarbon radical or cation 
via cleavage of the C-S bond, would remove the pref- 
erence for dehydrogenation at  the l-carbon; dehydro- 
genation at the 2-carbon is the expected result. 

6.2. Coadsorptlon Experiments on Mo( 110) 

In order to learn more about the relative importance 
of C-S and C-H bond breaking and making in thiol 
desulfurization, the competitive reactions of various 
thiols were studied on Mo(ll0). Since the concentra- 
tion of surface adsorbates, such as adsorbed carbon, 
sulfur, oxygen, hydrogen, or hydrocarbon fragments, is 
known to have a dramatic effect on reaction kinet- 
ics,64.67.92,93 it is imperative that coadsorption experi- 
ments be done to ensure that the reaction conditions 
are identical for the intermediates being compared. 

6.2.i. Effect of Chain Length on Thiol Desulfurization 
Kinetics 

The reactions of a coadsorbed mixture of the linear 
alkanethiols (CZ-C5) were studied on Mo(ll0) in an 
effort to learn about the effect of chain length on thiol 
desulfurization kinetics. All of the thiolates produce 
the corresponding alkanes with similar line shapes and 
peak temperatures, confirming that all primary thio- 
lates react with essentially the same kinetics on Mo- 
(l10Lg4 Since the C-S bond strength is basically the 
same for all of the primary thiols studied, this suggests 
that the rate-limiting step in hydrocarbon formation 
from the thiolate is C-S bond cleavage and independent 
of chain length. 

Wiegand and Friend 

6.2.ii. Effect of C-S Bond Strength on Thiol 
Desulfurization Kinetics 

The relative rates of ethanethiolate and tert-bu- 
tanethiolate hydrogenolysis provide supporting evidence 
that there is a major component of C-S bond cleavage 
in the transition state leading to alkanes. Isobutane is 
formed more rapidly from tert-butanethiolate hydro- 
genolysis than ethane is from ethanethiolate hydro- 
geno1ysis.l1 Both tert-butanethiolate and ethanethiolate 
have been identified by X-ray photoelectron and high- 
resolution electron energy loss spec t r~scopy.~~J~ 

Our mechanism was further tested by studying the 
reactions of 2-propene-l-thiol on Mo(ll0). According 
to the proposed mechanism, propene formation from 
2-propene-l-thiol should occur with the fastest kinetics 
of all thiols studied. Indeed, propene is formed most 
rapidly, at  temperatures below 120 K, during the re- 
action 2-propene-l-thiol on M 0 ( l l 0 ) . ~ ~  Dosing 2- 
propene-l-thiol on Mo(ll0) at  120 K leads to the im- 
mediate hydrogenolysis of the C-S bond to form ad- 
sorbed propene and atomic sulfur. Further heating of 
the surface, causes propene desorption from the surface. 

6.3. Thiols on a Sulflded Mo( 1 I O )  Surface 

It is important to understand the effect of sulfur on 
the mechanism and kinetics for thiol desulfurization on 
Mo(ll0) since the working catalyst used in hydro- 
desulfurization consists of MoSTlike particles and sulfur 
is deposited on the surface during the desulfurization 
of thiols. Only preliminary studies have been per- 
formed, but the study of desulfurization on sulfur 
overlayers will certainly be an expanding field. The 
reactions of benzenethiol on a sulfided Mo( 110) surface 
were chosen for investigation as the reactions of ben- 
zenethiol on the clean Mo(ll0) surface were well un- 
derstood, and the effect of adsorbed sulfur should be 
able to be delineated. 

The reaction of benzenethiol on Mo(ll0) yields 
benzene via C-S bond hydrogenolysis of benzene- 
thiolate with -40% selectivity. Competing C-S and 
C-H bond scission produces adsorbed benzyne, which 
has been identified spectroscopically. The surface 
benzyne intermediate is stable up to 670 K, where it 
undergoes C-H and C-C bond scission to form ad- 
sorbed carbon and gaseous dihydrogen. 

Benzenethiol on sulfided Mo( 110) reacts with dif- 
ferent kinetics than on the clean surface. Both C S  and 
C-H bond scission kinetics are slower on the sulfided 
surface, compared to the clean. The slower C-H scis- 
sion kinetics are proposed to account for the higher 
selectivity for benzene formation on the sulfided sur- 
face, - 80%, since nonselective C-H bond scission is 
retarded by sulfur, allowing for more hydrogenolysis of 
the benzenethiolate. 

6.4. Thiols on Other Surfaces 

The reactions of methanethiol have been studied on 
metal surfaces other than Mo(ll0) due to its relative 
simplicity. Methanethiol forms methanethiolate, 
CH3S-, as a stable intermediate on CU(~OO),~~ Cu- 
(1 ll) ,96997 Cu(410) ,98 Ni( 100) ,=rw Ni (1 10) ,loo Ni( ll 1) ,101 
Pt (1 11) ,lo2 Fe( 100),lo3 W (21 1) ,lo4 and Mo( 1 lo)? The 
exception is methanethiol on Au(ll1): the S-H bond 
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Figure 12. Proposed reaction scheme for toluenethiol with an osmium cluster (reprinted from ref 122; copyright 1983 American Chemical 
Society). 

remains intact on this surface and molecular desorption 
is exclusively observed.lo5 

The methanethiolate intermediate forms methane 
from C-S bond breaking and C-H bond formation on 
all of the surfaces investigated. Nonselective decom- 
position, which involves C-H bond breaking, is also 
observed. Indeed, on Pt(lll), evidence for a dehydro- 
genated CH2S- intermediate was presented.lo2 In 
methanethiol there is no stable gas-phase product of 
concomitant C-S and C-H bond breaking. Methylene 
radicals are expected to be trapped on the surface, if 
formed, and could ultimately lead to decomposition 
products. Ethane formation is also seen from the re- 
action of two methyl groups on C U ( ~ O O ) , ~ ~  Ni(llO),lm 
Ni(100),99 and Ni(l1l).lo1 

The initial step proposed for methane formation from 
the methanethiolate intermediate is thought to be C-S 
bond breaking. In the case of Fe(100), C-S bond 
breaking to produce methyl radical is proposed to occur 
first and subsequent hydrogenation would afford 
methane. On the other hand, a one-step hydrogenolysis 
of the methanethiolate intermediate is proposed for 
Ni(ll0) and M O ( ~ ~ O ) . ~ ~ J ~  

The thermodynamic driving force for C-S bond 
scission in thiol desulfurization on Mo(ll0) is proposed 
to be formation of the strong Mo-S bond. Weakening 
of the v(C-S) mode by -20-100 cm-l in methanethiol 
has been seen previously on Fe(100),lo3 C U ( ~ O O ) , ~ ~  and 
Ni(110),lW where methane was formed via C-S bond 
scission during the reaction. In these cases, a strong 
metal-S bond is also formed. An analogous weakening 
of the C-S bond occurs upon adsorption of tert-bu- 
tanethiol on Mo(ll0). This weakening is proposed to 
facilitate the desulfurization of tert-butanethiol on 
Mo(ll0). 

The reactions of methanethiol on single-crystal metal 
surfaces are different than the reactions of the oxygen 
analogue, methanol. On moet metal surfaces, C-O bond 
retention, during methanol reaction, and carbon mon- 
oxide and dihydrogen formation are seen. One excep- 
tion is Mo(ll0) which induces C-0 bond cleavage and 
nonselective d e c o m p o ~ i t i o n . ~ ~ J ~ ~  The propensity for 
C-S bond cleavage in methanethiol is proposed to be 
due to the relatively weaker C-S bond strength, -80 
kcal/mol, compared to the C-O strength of 91 kcal/mol 
bond in methanol. 

The comparison in the reactivity of the methanethiol 
and methanol suggests that C-S bond cleavage plays 
an important role in determining the rate of reaction 
on other metal surfaces as well as Mo(ll0). This is in 
excellent agreement with the work done on Mo(llO), 
where substitution of various alkyl substituents changed 
desulfurization kinetics dramatically. 

The reactions of more complex thiols on metal sur- 
faces have not been widely studied. Benzenethiol is 
proposed to form benzenethiolate on Cu( 110)lo8 and 
Cu( 111).109 Recently, several longer chain thiols have 
been studied on Cu(ll0) using ultraviolet photoelectron 
spectro~copy.~~ Again, formation of the corresponding 
thiolate is proposed.g8 

6.5. Comparlson to Organometallic Complexes 

6.5.i. C-S Bond Strength 

The dependence of thiol desulfurization kinetics on 
C-S bond strength seen on Mo(ll0) is analogous to 
metal clusters. For example, benzylic thiols, which have 
the weakest C-S bonds, were desulfurized by 
C O ~ ( C O ) ~ , ~ ~ ~ - ~ ~ ~  M o ( C O ) ~ , ~ ~ ~  Fe3(C0)12,113J15 W(C- 
0)6,116-118 HFe(C0)4-,119J20 and Mn2(CO)lo,121 all car- 
bonyls of metals often used in hydrodesulfurization 
reactions. Toluenethiol is desulfurized in the HOs,- 
(C0)10(p-SCH2C6H5) complex, during pyrolysis to form 
toluene and dibenzyl (Figure 12). A radical interme- 
diate is proposed to account for dibenzyl formation, 
while direct elimination of toluene also occurs. Under 
photolytic conditions, C-S bond homolysis is the pre- 
ferred route.122 Similarly, the desulfurization of tert- 
butanethiol, a tertiary thiol, is seen in rutheniumlB and 
niobium ~ o m p l e x e s . ~ ~ ~ J ~ ~  

In contrast, the observed desulfurization of benz- 
enethiolate in metal clusters is surprisingly different 
from that seen for metal surfaces. Benzenethiol has a 
relatively strong C-S bond and is expected to be dif- 
ficult to desulfurize. However, desulfurization of 
benzenethiolate to form benzene has been seen in many 
cases. For example, desulfurization of benzenethiolate 
by a triosmium cluster leads to benzene formation from 
either t h e r m ~ l y s i s , ' ~ ~ J ~ ~  photolysis, or high CO pres- 
sure.127 For the conditions of thermolysis and CO 
pressure, a metal-activated process is the preferred 
mechanism; while for photolysis, C-S bond homolysis 
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in organometallic complexes. Firstly, the key reaction 
intermediate in all cases was the thiolate intermediate. 
On metal surfaces, S-H bond scission was seen in all 
cases where desulfurization occurred. Secondly, thiol 
desulfurization kinetics were seen to be driven by C-S 
bond strengths on both metal surfaces and in organo- 
metallic complexes. Thirdly, the presence of a hydrogen 
source was important in both cases. On metal surfaces, 
a stoichiometric amount of hydrogen was present due 
to S-H bond cleavage upon thiolate formation. Like- 
wise, desulfurization of thiols was aided greatly by ei- 
ther the presence of a hydride source in the reaction 
mixture or a hydride ligand directly on the complex. 

The ease of C-S bond scission in aryl thiolato or- 
ganometallic complexes is in contrast to that seen on 
metal surfaces. On Mo(llO), the aryl C-S bond is one 
of the hardest bonds to cleave. In fact, in comparison 
to alkyl C-S bonds, desulfurization kinetics are slower 
for the aryl C-S bond. In organometallic clusters, 
however, aryl C-S bonds were cleaved preferentially in 
aUryl phenyl sulfides. In fact, there are many instances 
of aryl C-S bond cleavage in the organometallic liter- 
ature. 

is thought to be the driving mechanism. 
Secondly, polynuclear binding was seen to be vital for 

thiol desulfurization, in analogy to what is believed to 
occur on metal surfaces. Desulfurization of benzene- 
thiolate was also seen to occur in ruthenium complexes 
via pyrolytic or photolytic c0nditions.7~ Similar results 
were seen for the reaction in Ni or Pd compounds.128 

Competing desulfurization of alkyl phenyl sulfides 
with Os (CO),, showed exclusive scission of the aryl C-S 
bonds.'& This is in contrast to what is observed on 
surfaces, where desulfurization of alkanethiols occurred 
faster than for benzenethiol. 

As seen for the cyclic sulfides, a tungsten complex, 
WC12(PMePh2)4, induced desulfurization of alkyl 
thiols.130 Both ethanethiol and tert-butanethiol undergo 
desulfurization upon reaction to form the corresponding 
alkane and W(S)C12(PMePh2)3. Desulfurization of 
thiols occurs much faster than deoxygenation of alco- 
hols, consistent with the weaker bond strength of the 
thiols studied. In fact, no C-0 bond cleavage was ob- 
served during reaction with phenol or 0-cresol, alcohols 
with high C-O bond strengths. A one-step hydrogen- 
olysis was also observed, again in good agreement with 
observed results for the surface. 

6.5.11. Importance of a Hydrogen Source 

Surface hydrogen was shown to be very important in 
cyclic sulfide desulfurization. However, in the case of 
the thiol desulfurization on metal surfaces, formation 
of the surface thiolate intermediate via S-H bond 
scission produces a stoichiometric amount of hydrogen. 
As an example, the selectivity for hydrocarbon forma- 
tion vs nonselective decomposition is much higher for 
the thiols compared to the corresponding cyclic sulfides. 
The selectivity for butane and butene formation was 
much higher for temperature-programmed reaction of 
1-butanethiol (70%) than for tetrahydrothiophene 
(25%) on Mo(ll0). In contrast, coordination of thiols 
with metal clusters results most of the time with a 
thiolate ligand, without a hydride ligand. 

Recently, characterized metal hydride thiolate com- 
plexes have been synthesized. In particular, intermo- 
lecular attack on an aryl C-S bond in the Mo(H)- 
(SC6H2R,-2,4,6),(PR'Ph2) complex, where R = methyl 
or isopropyl and R' = methyl or ethyl produces 
C6H3R3-2,4,6 and [(Mo(SC6H2R3-2,4,6)(OMe)- 
(PR'Ph2)J2(~-S),] in a THF-MeOH s01ution.l~~ Simi- 
larly, a tungsten hydride complex also led to C-S bond 
desulfurization. 

Another source of hydride has been the reactions of 
metal complexes with lithium a l ~ m i n u m l ~ ~ - l ~ ~  or tri- 
butyltin hydride.lMJ3' Specifically, nickel lithium alu- 
minum hydride complexes have been found to be ideal 
catalysts for desulfurization of sulfur-containing mole- 
c u l e ~ . ~ * ~ ~  As seen before for other systems, arylic and 
benzylic thiols underwent desulfurization more readily 
than aliphatic thiols. The mechanism proposed for thiol 
desulfurization in these cases has been intramolecular 
hydride transfer, analogous to the proposed surface 
mechanism. 

6.6. Concluslons 
As seen before for the reactions of thiophene and 

cyclic sulfides, there are many similarities between the 
desulfurization reactions of thiols on m e a  surfaces and 

7. Outlook and Future Dlrectlons 

Although there are many challenges left in deter- 
mining the mechanism for hydrodesulfurization, much 
progress has been made. Importantly, new and exciting 
synthetic pathways to thiophenic and thiolate inter- 
mediates in organometallic complexes have opened up 
an exciting branch of chemistry. Further studies of 
these molecules can now be accomplished using both 
large scale and mixed metal clusters. In fact, desul- 
furization of thiols in mixed metal clusters has been 
studied and has proven very p r o m i ~ i n g . ~ ~ J ~ ~ l ~  

Likewise, the systematic study of the reaction of 
different thiols on Mo(llO), as well as studies on other 
surfaces has laid the groundwork for more exciting 
work. Great strides have been made in understanding 
basic principles of the thiol desulfurization on Mo(ll0). 
Thm initial studies allow for more detailed studies into 
the transition state of thiol desulfurization using mol- 
ecules that are known to undergo rearrangements. 
Secondly, these initial studies will allow for a deeper 
understanding about the desulfurization of sulfur-con- 
taining molecules on sulfided and bimetallic/sulfided 
surfaces. The understanding of the desulfurization of 
the thiols on the clean Mo(ll0) surface makes deli- 
neation of the effect of the surface coadsorbates less 
difficult. 

In conclusion, the outlook of the combined effort of 
model desulfurization studies on single-crystal metal 
surfaces and on organometallic clusters is very prom- 
ising. The accumulation of basic knowledge of the 
model desulfurization studies on metal surfaces and in 
organometallic complexes will hopefully transfer into 
a more detailed understanding of the hydro- 
desulfurization mechanism under catalytic conditions. 
These approaches, working in tandem, should lead to 
more insight into the hydrodeadfurbation mechanism. 
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