
~ )  Pergamon 
PII : S0277-5387(97)00085-5 

Polyhedron Vol. 16, No. 18, pp. 3219-3233, 1997 
© 1997 Elsevier Science Ltd 

All rights reserved. Printed in Great Britain 
02775387/97 $17.00+0.00 

Understanding the binding and activation of 
thiophenic molecules in transition metal 

complexes and clusters 

Suzanne Harris 

Department of Chemistry, University of Wyoming, Laramie, WY 82071-3838, U.S.A. 

Abstract--Organometallic complexes and clusters provide examples of binding modes of thiophenic molecules, 
activation of the C- -S  bond in thiophene, and actual desulfurization of thiophenic molecules. Our molecular 
orbital calculations on these complexes are aimed toward understanding how the binding and reactivity of the 
thiophenic ligands are influenced by the electronic structures of the various complexes. Results of Fenske-Hall  
molecular orbital calculations for complexes incorporating both q5 and ql thiophene ligands show that although 
the thiophene ligand acts primarily as a donor, thiophene can and does act as a n acceptor under certain 
conditions. These results suggest how binding of a thiophenic ligand and/or activation of the C - - S  bond might 
be optimized in ~/5 or r/~ complexes. Results for metal-inserted or ring opened complexes show distinct differences 
in the electronic structure of saturated and unsaturated complexes. The orbital structures and charge distri- 
butions provide explanations for the different reactivities of a number of these complexes. Comparisons of the 
electronic structures and reactivities of the metal-inserted complexes and the butterfly cluster (Cp')2Mo2 
Co2S3(CO)4, which is known to remove sulfur from thiophene, suggest similarities in the mechanism of binding 
and activation of a thiophene ring in the complexes and the butterfly cluster. © 1997 Elsevier Science Ltd 
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Understanding the mechanism of hydrodesulfuri- 
zation (HDS) catalysis has been a goal of researchers 
for many years. While a complete understanding of 
the process has certainly not been achieved, the com- 
bined efforts of many research groups have added to 
our knowledge of the nature of the active catalysts 
and the possible ways that binding and activation of 
thiophenic molecules may occur on the active catalyst 
surfaces. Our research efforts are aimed at under- 
standing both the electronic basis for the catalytic 
activity of certain binary and promoted transition 
metal sulfides and the role of electronic structure in 
binding and activation of thiophenic molecules at 
transition metal centers. Thus our current efforts 
include studies of the electronic structures of both 
relevant transition metal sulfide surfaces and molec- 
ular complexes that incorporate thiophenic ligands. 
This paper will focus on what we believe are some of 
the most important results from our molecular 
calculations. 

While it has been clear for many years that under- 
standing the HDS mechanism will require clarifying 
the mode of binding and activation of thiophene on 

an HDS catalyst, the complexity of the real catalytic 
systems (supported transition metal sulfide based 
materials at high temperatures and high H2 pressures) 
has made it very difficult to achieve this step. Over the 
last 10 years, however, the organometallic chemistry 
community has shown a remarkable interest in the 
HDS problem, and the work of several research 
groups has led to a wealth of new model molecular 
complexes and clusters [1-3]. These model systems 
provide examples of numerous binding modes of thio- 
phenic molecules, activation of the C- -S  bond in 
thiophene, and in some cases actual desulfurization of 
thiophenic molecules. Our own efforts in the area of 
model molecular systems began with a general study 
of the electronic structure of complexes exhibiting 
different metal-thiophene binding modes [4]. 
Recently, we have considered a number of these sys- 
tems in greater depth and have begun to develop a 
better understanding of the role of electronic factors 
in activation of thiophenic rings [5,6]. We have also 
begun to study metal-sulfur clusters which also pro- 
vide model systems for HDS catalysis. 

This paper will review some of our results and dis- 
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cuss factors which appear to be related to the reactivity 
of metal-thiophene complexes. After a brief descrip- 
tion of the calculational method, the next sections of 
the paper summarize some of what we consider to be 
important results of our calculations. These results 
provide insights into the role of the metal center, ancil- 
lary ligands, coordination geometries (around the 
metal), and coordination mode of the thiophenic 
ligand in C- -S  bond activation. The electronic struc- 
tures of complexes incorporating r/5, q~, and ring- 
opened thiophene ligands are discussed. The ~/5 and r/t 
binding modes were of initial interest because 
researchers had debated for many years whether thio- 
phene might bind to an HDS catalyst surface through 
one of these modes. The ~/5 mode proved to be of 
particular interest when it was demonstrated that 
bound thiophene often shows reactivity not observed 
in free thiophene [7,8]. A number of transition metal 
complexes incorporating ~/~ or S-bound thiophene 
have also been characterized [9-12]. Although the S- 
bound thiophenic ligands do not exhibit ring acti- 
vation in these stable complexes, Jones and coworkers 
showed that an S-bound intermediate serves as the 
precursor to a number of Rh-inserted thiophenic com- 
plexes [13]. Ring opened complexes have also been 
synthesized by Merola [14], Bianchini [15,16], Maitlis 
[17], Angelici [18], and Field [19]. Several of these 
complexes show truly novel and remarkable reac- 
tivity. Bianchini [20] and Maitlis [21] have achieved 
complete desulfurization of thiophenic rings, starting 
with ring opened Ir and Pt complexes, respectively. 

Recently we have also begun to consider the elec- 
tronic structure of several clusters which have proved 
useful in modeling HDS reactions. The 'butterfly' clus- 
ter (Cp')2M02C02S3(CO)4 , ( C p ' =  CH3CsH4) is of 
particular interest, since the Curtis group has shown 
that this cluster removes sulfur from thiophene to 
form the cubane cluster (Cp')2M02CozS4(CO)2 
[22,23]. The composition of the butterfly cluster makes 
it a particularly attractive model for the promoted 
Co/Mo/S HDS catalysts. We have carried out a series 
of calculations related to this and other model clusters, 
and some of our results are summarized here. 

Calculational details 

All of the results described here were obtained from 
Fenske-Hall [24] molecular orbital calculations. Mul- 
liken populations analyses were used to determine 
orbital populations and atomic charges [25]. 

The 1 s through nd functions for all of the transition 
metals were generated by a best fit to Herman-Skill- 
man atomic calculations [26] using the method of 
Bursten, Jensen, and Fenske [27]. The (n+ 1)s and 
(n+ l)p functions were chosen to have exponents of 
2.0, 2.2, and 2.4 for the 3d, 4d, and 5d metals, respec- 
tively. The carbon and sulfur functions were taken 
from the double-~ functions of Clementi [28]. The 
valence p functions were retained as the double-~ func- 

tions, while all the other functions were reduced to 
single-( functions. An exponent of 1.2 was used for 
hydrogen. 

The molecular structures of all the complexes and 
clusters described here have been determined by 
X-ray diffraction. These known structures were used 
for the molecular orbital calculations. 

DISCUSSION 

qS-Bound thiophene 

The earliest characterized complexes incorporating 
thiophene ligands were those containing qS-bound 
thiophene, and we began our investigations with these 
complexes. Since the g system of the thiophene ring 
exhibits an orbital structure analogous to that of Cp-  
(Fig. 1) it is not surprising that nearly all of the char- 
acterized qS-thiophene complexes have r/5-Cp analogs. 
Comparisons among the electronic structures 
of Cr(CO)3T (Y = thiophene), [Mn(CO)3T] +, 
[RuCpT] +, [RUT2] 2+, and [RuTMT2] 2+ (TMT = te- 
tramethyl thiophene) and analogous r/5-Cp complexes 
revealed several differences in the donor and acceptor 
properties of thiophene and Cp-  [4]. In Cp- ,  the 
primary donor orbitals are the degenerate HOMO e]' 
orbitals, while the LUMO e~ orbitals can serve as 
acceptors. In thiophene the corresponding 1 a2 and 2b~ 
orbitals serve as donors while the unoccupied 3bj and 
2a2 orbitals serve as acceptors. Comparisons of the 
bonding in similar M(CO)3L, L = Cp or T, com- 
plexes showed that Cp-  is a better donor and poorer 
acceptor than thiophene. This results primarily from 
the relative energies of the ligand orbitals. The ener- 
gies of the acceptor orbitals are particularly impor- 
tant, since the thiophene 3b~ acceptor orbital is 
approximately 7 eV lower in energy than the Cp-e2 
orbitals. Thiophene is generally considered to bind 
more weakly than Cp-  to transition metal centers, and 
our results suggest that in complexes where binding 
depends primarily on donation to the metal center the 
weaker binding is a consequence of the poorer donor 
ability of thiophene. We observed, however, that for 
the larger 4d and 5d metals, the stronger interactions 
between the large sulfur orbitals and the metal d 
orbitals lead to stronger metal-thiophene binding. In 
addition, we found that when thiophene and a better 
donor are simultaneously bound to a transition metal 
center, the acceptor ability of thiophene leads to stron- 
ger metal-thiophene binding. Overall, this means that 
qS-thiophene binding should be strongest in complexes 
incorporating thiophene, a 4d or 5d metal, and donor 
ligands. This conclusion is consistent with a number 
of findings by the Rauchfuss group [29,30]. 

It has been shown that t/5-bound thiophene is in 
some cases activated toward nucleophilic attack [7,8], 
and one might assume that changes in the electronic 
structure of the coordinated thiophene ring are 
responsible for the activation. Our calculations 
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Fig. 1. Comparison of the high energy occupied and low energy unoccupied orbitals of cyclopentadienyl anion and thiophene. 
(Ref. [4]). 

revealed only small perturbations of the thiophene 
electronic structure upon ~/5 coordination. This, 
coupled with the fact that the ring is only activated in 
positively charged complexes, led us to suggest that 
the charge alone is probably responsible for activation 
of the ring. If  this is true, it raises the question whether 
the chemistry of these ~/5 complexes is really similar to 
the chemistry occurring on the HDS catalysts. 

q ~-Bound thiophene 

Several S-bound thiophene and dibenzothiophene 
(DBT) complexes have been characterized. These 
complexes incorporate several different transition 
metals (although all of the metals are formally d 6) 
and both donor and acceptor ligands. In all of these 
complexes the thiophenic ligands display pyramidal 
bonding around the thiophenic sulfur. As a result, the 
transition metal and the thiophene ring do not lie in 

the same plane (see Fig. 2). It is somewhat surprising, 
however, that even though all the complexes shown 
in Fig. 2 exhibit a tilted thiophenic ligand, the tilt 
angle actually varies by over 20 ° . Calculations showed 
that the tilted or tipped configuration is related to the 
type and strength of metal sulfur interactions found 
in these complexes [5]. 

In the ql(S) binding mode, thiophene (or DBT) can 
serve as both a ~ and 7r donor, since ligand to metal 
donation might occur from either the 2b~(n) or la~(t~) 
orbital. At the same time, thiophene or DBT also has 
the potential to act as a g acceptor through the 3b~ 7r* 
LUMO. Calculations on the S-bound complexes in 
Fig. 2 showed, however, that the M-S  bonding is 
dominated by thiophene's donor capabilities, and that 
the tilt of the ligand can be attributed to thiophene 
acting as a two rather than four electron donor. That 
is, donation from the filled 2b17r orbital is unnecessary 
and undesirable when the thiophenic ligands bind to 
these 16-electron CpL2M fragments. Using the molec- 
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Fig. 2. Structures of ~/~(S-)bound thiophene and dibenzothiophene complexes. The angle 0 measures the angle between the 
metaNsulfur bond and a line connecting the sulfur atom and the midpoint of the opposite side of the five-membered 

thiophene ring. 

ular orbital diagram of Cp(CO)2ReT (Fig. 3) as an 
example, we can see that while a planar configuration 
about the ring sulfur would enable the sulfur la~ tr 
lone pair to donate most effectively into the un- 
occupied metal 42 type orbital, this planar con- 
figuration would also lead to a strong antibonding 
interaction between the sulfur 2bj n lone pair and 
the occupied metal dyz orbital. Bending at the sulfur 
decreases both the a~-d:2 a bonding and 2b~-d~: n 
antibonding interaction, but it also allows the filled 
2b~ n orbital to overlap with and donate into the empty 
metal d~2 orbital. Thus, bending at the sulfur alleviates 
an antibonding interaction with the metal dy~ orbital 
and allows both the a and n ligand donor orbitals to 
interact with the empty metal dz: orbital. The net result 
is the 'donation'  of two rather than four electrons to 
the metal. 

It is important to recognize that a more planar 
configuration of the ring would allow back-donation 
from the metal dj.z orbital into the unoccupied thio- 
phene 3bl n* LUMO, thus canceling out at least some 
of the n donor antibonding interaction. The relative 
importance of the n donor and n acceptor interactions 
depend, however, on the energy separations between 
the filled metal dy~ orbital and the occupied and un- 
occupied ligand n orbitals (these are labeled E(M-n) and 
E(M-n*), respectively, in Fig. 3). The three fragment 
n orbitals, metal dy., thiophene 2b~ and thiophene 3bl, 
combine in the complex to form the m.o.'s labeled 1 a', 

2a', and 3a'. The lowest, la ' ,  is primarily thiophene 
2b~ in character and is bonding between the metal and 
thiophene ; the highest, 3a', is primarily thiophene 3bl 
in character and is antibonding between the metal and 
thiophene. The 3a' orbital forms the LUMO of the 
complex. The middle orbital, 2a', which is occupied, 
is antibondin 9 between the metal dr: and thiophene 
2b~ orbitals and bonding between the metal dy. and 
thiophene 3bj orbitals. The fragment orbital character 
of this molecular orbital depends on the relative mag- 
nitudes of E(M-n) and E(M-g*). Our calculations for 
this group of complexes show that the 'tilt '  angle of 
the thiophene ring actually provides a good measure 
of both the relative magnitudes of E(M-n) and E(M- 
n*) and the relative participation of the thiophene n 
and n* orbitals in the 2a' molecular orbital. At an 
extreme where E(M-n) is much smaller than E(M-n*), 
there will be little interaction between the metal and 
the n* thiophene orbitals. The only mechanism for 
decreasing the resulting metal-thiophene antibonding 
interaction will involve tilting the ring, which 
decreases the overlap and antibonding interaction 
between the metal dy~ and thiophene 2b~ orbitals. At 
the other extreme, where E(M-n) is much larger than 
E(M-n*), the bonding interaction between the metal 
dy~ and thiophene n* orbitals will increase and become 
more important than the antibonding interaction 
between the filled metal and thiophene ~ orbitals. This 
bonding interaction (or n back donation) is optimized 
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Fig. 3. Calculated energy level diagram for Cp*(CO)2Re(SC4H4) and for the Cp*(CO)2Re and SC4H4 fragments. See text 
for discussion of E(M-n) and E(M-n*). 

by a flat tilt angle. The relative tilt angle therefore 
should provide a measure of both the two energy 
separations and the importance of n back donation in 
each complex. The calculated orbital structures of the 
complexes in Fig. 2 show such a correlation among 
the tilt angle, the relative magnitudes of E(M-n) and 
E(M-n*) energies, and the fragment orbital character 
of the 2a' molecular orbital. 

In the Re complex, where E(M-n*) is smallest, (the 
energy of the occupied dy~ orbital lies approximately 
midway between the energies of the ligand n donor 
and acceptor orbitals), both the n donor and n* 
acceptor ligand orbitals interact with the metal dy.. 
orbital. Weak n back donation tends to cancel out 
the antibonding interaction between the two occupied 
orbitals. This stabilizes the 2a' orbitals so that it 
becomes the second highest occupied molecular 
orbital (SHOMO) in the Re complex. Thus in the Re 
complex participation of the n* orbital is maximized, 
and the tilt of the ring is smallest. In the Fe and Ru 
complexes, where E(M-n*) is considerably larger, the 
interaction between the filled dy~ and empty n* orbital 

becomes negligible, and the tilt of the ring increases by 
about 20 °. In the Ir complex (note the donor ligands), 
E(M-n*) is intermediate in size, and so are the par- 
ticipation of the n* orbital and the tilt angle. The 
molecular and electronic structures of the Ir complex 
show that the participation of the thiophene n* orbital 
in the bonding depends not only on the nature of the 
transition metal, but also on the nature of the other 
ligands bound to the metal, since without the donor 
ligands on the Ir 3+ center, we would expect E(M-n*) 
in this complex to be considerably larger. 

In the ~/t-S bound complexes (just as in the 7 5 com- 
plexes), the n acceptor ability of thiophene can and 
does become important under certain conditions. The 
orbital structures of  the ~l complexes suggest that 
increasing the electron density on the metal (thus 
increasing back donation to thiophene and weakening 
of the C--S bond through population of the n* 
orbital) could provide a pathway to activating the 
thiophene ring in S-bound complexes. This obser- 
vation is consistent with the identification of an S- 
bound intermediate as the precursor to ring opened 
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complexes such as Cp*(PMe3)Rh[C,S-(SC4H4)], 
where it is clear that oxidative addition to the electron 
rich metal center occurs in the bond insertion reaction 
[13]. Our preliminary calculations on a model five 
coordinate S-bound intermediate for this reaction 
indicate, not surprisingly, that occupation of the thio- 
phene rt* orbital also plays an important role in this 
oxidative addition process. 

Metal inserted complexes 

Ring-opened or metal-inserted complexes result 
when a transition metal center inserts, via an oxidative 
addition reaction, into a C- -S  bond of thiophene or 
a derivative. Examples of several such complexes are 
illustrated in Fig. 4. These complexes are of particular 
interest because some (such as (PEt3):Pt[C,S- 
(SC~2H8) ] and (triphos)Ir[C,S-(SCsH6)]+) undergo 
reactions that lead to sulfur removal from the metalla- 
thiacycle. Although these specific platinum and 
iridium complexes exhibit the ability to desulfurize 
thiophenic molecules, many similar transition metal 
inserted thiophene complexes have not shown such 
potential as HDS models. This is somewhat surpris- 
ing, given the similarities of these complexes (Fig. 
4). The differences in reactivity among very similar 

complexes prompted us to examine the electronic 
structures of a number of these complexes [6]. 

The complexes can be divided into two distinct 
groups. The first group includes Cp*Ir[C,S-2,5- 
Me~(SC4H2)] and (triphos)Ir[C,S-(SCsH6)] +. These 
complexes are characterized by a planar metallacycle 
ring and are formally 16-electron complexes. The 
equivalent C - - C  bond lengths around the ring suggest 
that metal orbitals participate in delocalized n bond- 
ing and that it is probably appropriate to view the 
metallacycle rings as 'iridathiabenzenes'. The second 
group, which includes all of the other complexes illus- 
trated in Fig. 4, are formally 18 electron complexes 
(or in the Pt complex a stable 16 electron square planar 
complex). 

It is convenient to view the bonding in all of the 
ring opened complexes in terms of the interactions 
between metal based orbitals and the orbitals of a ring 
opened thiophenic fragment. The relevant orbitals of 
the opened benzothiophene fragment are illustrated 
in both Figs 5 and 6. (Although not shown, the cor- 
responding orbitals in a ring opened thiophene frag- 
ment are very similar.) The HOMO (Highest 
Occupied Molecular Orbital) in the fragment is a 
orbital perpendicular to the plane of the five-mem- 
bered ring system. A distinctive characteristic of the 

M eC~'~' I P ~  ~!e  ~S---~ 
PMe3 ---i ~ 

EtsP~ 
EhP "2"Pt ~ 

~ ~_p/ 
Fig. 4. Structures of metal-inserted thiophene and benzothiophene complexes. 



O" 

-10- 

Binding and activation of thiophenic molecules 

Z 

II 1 

! 

3225 

s t , a . . .  _ 

EtsP" Pt EtIP" P t ~  

(PEta)2Pt (P Ett).4Pt[C,8-(SCel'le)] $CeHs 
Fig. 5. Calculated energy level diagrams for (PEt3):Pt[C,S-(SCsH6)] and for the (PEt3)2Pt and opened benzothiophene 

fragments. 

HOMO is the large percentage of the orbital, 50-65 %, 
centered on the sulfur. The SHOMO (Second Highest 
Occupied Molecular Orbital) and the LUMO (Lowest 
Unoccupied Molecular Orbital) are both a orbitals, 
bonding and antibonding, respectively, with respect 
to the opened C - - S  bond. In these orbitals, electron 
density resides on both the sulfur and carbon and is 
directed at the inserting transition metal. The third 
highest energy occupied and the second lowest un- 
occupied molecular orbitals are both ~ orbitals per- 
pendicular to the ring systems. For  the opened benzo- 
thiophene fragment, the electron density on both of 
these rt orbitals is localized on the a-carbon. For  the 
thiophene fragments, equivalent electron density 
resides on both the sulfur and the carbon in these two 
orbitals. 

We have calculated the orbital structures of all of 
the complexes shown in Fig. 4, but our discussion 
here will center around (PEt3)2Pt[C,S-(SCI2Hs)] and 
(triphos)Ir[C,S-(SCsH6)] +. The bonding in these two 
complexes illustrates the features of both the 'satu- 
rated' and 'unsaturated' complexes and is of particular 
interest since both complexes undergo reactions lead- 
ing to sulfur removal. The calculated energy level dia- 
grams for (PEt3)2Pt[C,S-(SCsH6)] and for the (PEt3)2Pt 
and open benzothiophene fragments are shown in Fig. 
5. The d 8 platinum inserted benzothiophene complex 
is essentially square planar (despite a slight umbrella 

effect and L - - M - - L  bond angle distortions), with the 
benzothiophene occupying two coordination sites and 
two donor phosphine ligands occupying the other two 
opposing coordination sites. The metal orbitals 
involved in bonding with the opened benzothiophene 
are a orbitals formed from the mixing of two metal 
orbitals. Specifically, the al and dx2y~ molecular 
orbitals mix together upon complex formation to form 
two metal orbitals; one is directed at the incoming 
sulfur and the other at the ~t-carbon. Bond formation 
thus results from the donation of electron density from 
the metal HOMO and benzothiophene SHOMO into 
the benzothiophene LUMO and the metal LUMO, 
respectively. A net transfer of a pair of electrons from 
the metal to the benzothiophene occurs since the pair 
of electrons which in the d ~° fragment occupied the 
dxz_yZ metal orbital now resides in a lower energy 
metal-benzothiophene a-bonding orbital centered pri- 
marily on the ligand. The transfer of electron density 
is also reflected in a more positive charge on the metal 
after insertion ( -0 .79  in the d ~° fragment versus 
-0 .38  after insertion). Sigma bond formation using 
the SHOMO and LUMO ligand orbitals and the 
HOMO and LUMO metal fragment orbitals is a fea- 
ture of all of the 18-electron or 'saturated' metal- 
inserted complexes we have studied. The formation of 
these bonds is always accompanied by the transfer of 
a pair of electrons from metal to ligand based orbitals 
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Fig. 6. Calculated energy level diagrams for (triphos)Ir[C,S-(SCsH6)] ÷ and for the [(triphos)lr] ÷ and opened benzothiophene 

fragments. 

and a more positive charge on the metal center. The 
residual charge on the metal after insertion correlates 
with the number of donor ligands and their ability to 
donate electron density to the metal. These charges 
vary from negative, as in the Pt complex, to positive, 
as in Cp*Ir(CO)[C,S-2,5-Me2(SC4H2)] where the cal- 
culated charge for Ir is +0.78. 

The orbital diagram in Fig. 5 exhibits one par- 
ticularly striking feature ; the HOMO of the Pt com- 
plex is a metal-ligand antibonding orbital centered 
primarily on the sulfur of the benzothiophene. This 
comes about because the filled metal dx~ orbital inter- 
acts strongly with the HOMO of the 'opened' benzo- 
thiophene. This interaction results in a filled 
bonding/antibonding set of orbitals, and it is the anti- 
bonding molecular orbital of the set which forms the 
HOMO in the complex. The HOMO is thus primarily 
ligand based and, furthermore, predominantly sulfur 
in character. The HOMO is essentially a lone pair 
of electrons isolated on the sulfur. This filled-filled 
interaction which results in an antibonding, sulfur- 
based HOMO is a characteristic of most of the 'satu- 
rated' metal inserted complexes. 

The high sulfur character of the HOMO provides 
an explanation for at least some of the reactivity of 
these Pt complexes• Maitlis and coworkers, for exam- 
ple, have shown that protonation of the analogous 
dibenzothiophene platinum complex produces 2- 

phenylthiophenol [17]. Our results for the benzo- 
thiophene complex suggest that such a reaction 
probably occurs via initial attack at the thiophenic 
sulfur; that is, electrophilic attack at the sulfur is 
expected due to the high energy, sulfur-based HOMO 
of the complex and the negatively charged sulfur 
atom. The similar sulfur character of the HOMO's  
in CI(PMe3)3Ir[C,S-(SCsH6)], Cp*(PMe3)Rh[C,S-2,5- 
Me2(SC4H4)], and Cp*Ir(CO)[C,S-2,5-Me2(SC4H2)] 
suggests that these complexes should also be sus- 
ceptible to electrophilic attack at the sulfur. 

Bianchini and coworkers have also demonstrated 
selective attack of Me + and H ÷ at sulfur for the 18- 
electron hydride species, (triphos)Ir(H)[C,S-(SCsH6)] 
and its thiophene and dibenzothiophene analogs [31]. 
Although the crystal structure of this complex has not 
been determined, similarities in ligands and coor- 
dination geometry suggest that both the molecular 
and electronic structures of (triphos)Ir(H)[C,S- 
(SCsH6)] and its analogs should closely resemble 
those of other d 6 octahedral complexes such as 
CI(PMe3)3Ir[C,S-(SCsH6)]. Thus we expect that 
the nucleophilicity of the sulfur in these hydride com- 
plexes also arises from the presence of an antibond- 
ing, sulfur based HOMO. 

A feature of  the Pt complex which is not common 
to all of the saturated complexes is the presence of 
a metal-based LUMO, and this feature is probably 
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responsible for the observed reactivity of the metal 
center. Unlike other saturated complexes, 
(PEt3):Pt[C,S-(SC~2Hs)] and the analogous square 
planar thiophene and benzothiophene complexes can 
be cleaved by hydridic reagents to yield styrene, C4 
hydrocarbons, and biphenyl, respectively. Hydridic 
attack on (PEt3)zPt[C,S-(SCsH6)] has been suggested 
to occur via initial H-X oxidative addition to the 
metal. Of the saturated complexes we studied, only 
(PEt3)2Pt[C,S-(SCsH6)] exhibits a low energy metal- 
based LUMO and an open coordination site on the 
metal. In addition, the metal center carries a relatively 
high negative charge. The readily accessible metal- 
based LUMO and the electron rich metal center are 
certainly consistent with the proposed oxidative 
addition. 

The orbital structures of the two 'unsaturated' com- 
plexes are quite different from those calculated for the 
saturated complexes. The energy level diagrams for 
(triphos)Ir[C,S-(SCsH6)] + and for the [(triphos)lr] + 
and opened benzothiophene fragments are shown in 
Fig. 6. The electronic structures of this complex and 
of the similar complex synthesized earlier by Angelici 
exhibit many of the same features. Four metal orbitals 
(the occupied 1 a~, 1% and 2e~, and the unoccupied 2a0 
participate in cr interactions with the benzothiophene. 
Combinations of these metal orbitals form two cr 
bonding orbitals with the opened benzothiophene 
fragment. In addition to the two bonding orbitals, 
two nearly nonbonding g orbitals which are primarily 
metal based form the SHOMO and HOMO of the 
complex. (Two unoccupied cr-antibonding orbitals 
occur at much higher energy.) 

The zr orbital interactions in this complex (and in 
the similar Cp*Ir[C,S-2,5-Mez(SC4H2)]) are unique. 
In the saturated complexes, the important ~ inter- 
action involves the thiophene HOMO and a filled 'n '  
metal orbital. The product is a bonding/antibonding 
pair of orbitals ; the antibonding partner is the HOMO 
of the complex. The only filled metal 'Tr' orbital in the 
[(triphos)Ir] + fragment (lea), however, is not able to 
interact with the benzothiophene HOMO because this 
HOMO has no electron density on the a-carbon. The 
only other metal 'zr' orbital available for interaction 
with the benzothiophene HOMO is the 2ea fragment 
LUMO. This interaction produces both a 7r molecular 
orbital which is slightly bonding between the metal 
and the sulfur, and an antibonding counterpart. 
Because this zr interaction occurs between an occupied 
ligand orbital and an unoccupied metal orbital, the 
antibonding partner is the LUMO of the complex. In 
all of the saturated complexes, zr bonding between the 
metal and the thibphene HOMO is cancelled out by a 
filled antibonding partner. In the unsaturated 
complexes, since the 7r antibonding molecular orbital 
is unoccupied, the metal-ligand bonding is not solely 
a in character. There is now a ~ component, which Metal-sulfur clusters 
serves to donate electron density from the ligand to 
the metal. 

As in the saturated complexes, the insertion of irid- 
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ium into the C- -S  bond of the benzothiophene can be 
viewed as an oxidative addition. Whereas oxidation 
of the metals in the saturated complexes results in sig- 
nificant changes in metal charge, the oxidation of the 
metal centers in the unsaturated complexes has little 
effect on the metal charges. (Calculated Ir charges 
in the [(triphos)Ir] + fragment and (triphos)Ir[C,S- 
(SC8H6)] + are - 0.64 and -0 .54 ,  respectively.) In 
both (triphos)Ir[C,S-(SCsH6)] + and Cp*Ir[C,S-2,5- 
Me2(SC4H2) ] participation of the metal orbitals in the 

system of the benzothiophene forces electron density 
back onto the metal, and the orbital structures of both 
complexes provide evidence for the n delocalization. 
Specifically, although the HOMO and SHOMO in 
both complexes are localized on the metal, the charge 
density in the third and fourth highest energy occupied 
molecular orbitals is distributed much more evenly 
between the metal and ligand ~ orbitals. The n de- 
localization in these complexes is consistent with 
the equivalent C - - C  bond distances observed in the 
metallathiacycle ring. 

Like the square planar platinum inserted 
compound, the LUMO's of (triphos)Ir[C,S- 
(SCsH6)] + and Cp*Ir[C,S-2,5-Mez(SC4H2) are not 
only metal-based, but are also accessible, in terms of 
having an open coordination site (this coordination 
site is somewhat hindered in (triphos)Ir[C,S- 
(SCsH6)] + due to the very bulky triphos ligand), to 
nucleophilic attack. Angelici has shown that nucle- 
ophiles such as PR3 or CO readily add to the metal 
center in Cp*Ir[C,S-2,5-Me2(SC4H2) [32], and Bian- 
chini has demonstrated hydride attack at the metal in 
(triphos)Ir[C,S-(SCsH6] + [16,33]. While nucleophilic 
attack at the metal centers in these complexes can be 
related simply to the character of the LUMO and the 
availability of an open coordination site, differences 
in the further reactivity of the two complexes are prob- 
ably related to both the large steric bulk and the strong 
donor ability of the triphos ligand. The Ir charges 
in (triphos)Ir[C,S-(SCsH6)] + and Cp*Ir[C,S-2,5- 
Me2(SC4H2)] are - 0 . 5 4  and +0.51, respectively. 
While the orbital structures of the two complexes are 
similar, only the triphos complex exhibits an electron 
rich metal center. 

Finally, the orbital structure of the unsaturated 
complexes suggests that the sulfur center in these com- 
plexes should not be susceptible to electrophilic 
attack. The sulfur ~ orbital which is localized in the 
HOMO of the saturated complexes is now involved 
in delocalized metal-ligand bonding. This difference 
in orbital character is consistent with the fact that H + 
does not attack the sulfur atom in (triphos)Ir[C,S- 
(SC8H6) ] +, but does attack the sulfur atom in the 18- 
electron hydride species, (triphos)Ir(H)[C,S-(SCsH6)] 
(see above). 

While much of the work aimed at developing molec- 
ular HDS models has approached the problem by 
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studying the binding and activation of thiophenic mol- 
ecules in complexes containing a single metal center, 
the Curtis group has utilized bimetallic metal-sulfur 
clusters to model the HDS process [34,35]. In a series 
of particularly intriguing reactions, Curtis has shown 
that the 'butterfly' cluster (Cp')2Mo2CozS3(CO)4 
(Cp '=  CH3CsH4) is able to remove sulfur directly 
from thiophene (Eq. 1) [22,23]. This reaction produces 
a cubane cluster, (Cp')2Mo2Co2S4(CO)2 [36]. 

Although the mechanism for the reaction of thio- 
phene with the butterfly cluster is not understood, 
reactions of the cluster with other nucleophiles indi- 
cate that initial binding of the thiophene to the cluster 
probably occurs at one of the Co centers. We carried 
out molecular orbital calculations on the butterfly, the 
cubane, and several related clusters in order to try to 
better understand how thiophene might bind to and 
react with the butterfly cluster [37]. The bonding in 
the cubane is very similar to that in analogous clusters 
which we studied earlier [38,39]. We found previously 
that it is convenient to view the formation of the 
metal-metal bonds in the cubane clusters in terms of 
metal-sulfur-ligand fragment orbitals. In the ter- 
minology of ref. [39], the (Cp')zMozCo2S4(CO)2 cub- 
ane falls into the general classification of a cluster of 
formula M2M~S4Cp2L~, where the two M(Mo) cen- 
ters and two M'(Co) centers have 'octahedral' and 
'tetrahedral' coordination geometry, respectively. The 
Mo-ligand interactions split the Mo orbitals into t2g 
and eo groups, while the Co-ligand interactions split 
the Co orbitals into e and 12 groups. These metal- 
based orbitals are used in the formation of metal- 
metal bonds in the cluster. A qualitative bonding 
scheme for the metal-based orbitals in a cluster of this 
type is shown in Fig. 7. (The calculated orbital struc- 
ture of (Cp')2Mo2CozS4(CO)2 shows these features.) 
Metal-metal bonding utilizes the t2q and t2 orbitals, 
while the e~ and e orbitals remain nonbonding (in 
terms of metal-metal bond formation). This leads to 
four groups of metal-based cluster orbitals. The lowest 
energy group arises from the two sets of Co e orbitals. 
These orbitals are metal-metal nonbonding. The high- 
est energy group arises from the two sets of Mo eg 
orbitals. These orbitals are also metal-metal nonbond- 
ing. The two groups of intermediate energy are com- 
binations of the two sets ofMo t2g orbitals and the two 
sets of Co t2 orbitals. These 12 metal-based orbitals 
combine to form six metal-metal bonding and six 
metal-metal antibonding orbitals. Given this orbital 
structure, a cluster having 20 metal-based electrons 
will have six metal-metal bonds. Eight electrons will 
occupy the four lower energy Co-based non-bonding 

orbitals, while the remaining 12 electrons will occupy 
the six metal-metal bonding orbitals. This is exactly 
what is found for the cluster (Cp')2Mo2CozS4(CO)2, 
where 20 metal electrons can be associated with two 
Mo 5+ (d ~) and two Co o (d 9) centers. 

Our molecular orbital calculations for the butterfly 
cluster showed that it is also useful to view the metal 
metal bonding in this cluster in terms of 'octahedral' 
Mo fragments and 'tetrahedral' Co fragments, 
although now the Co is bound to two CO and two 
S 2 ligands instead of one CO and three S 2 ligands. 
The calculated energy level diagrams for (Cp')2M02 
C02S3(CO)4 and for the 'octahedral' Mo and 'tetra- 
hedral' Co fragments are shown in Fig. 8. The diagram 
is in many ways similar to the qualitative diagram for 
the cubane cluster. The groups of Mo t2.q and eo and 
Co t2 and e~ orbitals are apparent for the two frag- 
ments, and the cluster metal-based orbitals separate 
into high and low energy groups of nonbonding 
orbitals, and intermediate groups of bonding and anti- 
bonding orbitals. Further examination of the diagram 
reveals, however, that the bonding (b) and anti- 
bonding (ab) groups of orbitals include seven and five 
orbitals, respectively (not six and six as in the cubane). 
Only five of the 'bonding' cluster orbitals are actually 
bonding between the metals. These arise from com- 
binations of all of the Mo t2g orbitals and the al 
and b] orbitals from the Co t2 sets of orbitals. These 
combinations lead to five metal-metal bonding and 
five metal-metal antibonding orbitals. Occupation of 
the five bonding orbitals is consistent with the five 
metal-metal bonds in the cluster. The other two 
orbitals (orbitals 71 and 74 in Fig. 8) are combinations 
of the b2 orbitals from the two Co fragments. These 
orbitals, which lie in the plane of the two Co's and 
three S's, are not oriented properly to interact with 
the Mo centers. Although the two cluster orbitals are 
plus (bonding) and minus (antibonding) com- 
binations of the Co b2 orbitals, the distance between 
the two Co centers is far too large for any Co-Co 
interaction. If the cluster were a tetrahedron (i.e. if 
the top sulfur were removed and the two Co's pushed 
together), the two fragment b 2 orbitals would overlap, 
and the two cluster orbitals would be truly bonding 
and antibonding and well separated in energy. In the 
butterfly cluster, however, where the two Co's are 
too far apart to interact, these cluster orbitals are 
nonbonding with respect to metal-metal interactions 
and lie close together in energy. 

Comparisons of the orbital structures and charge 
distributions in the butterfly and cubane allow us to 
point out several substantial differences in the clusters. 
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cluster containing two octahedral metals and two tetrahedral metals. L' is a pi acceptor ligand. (Ref. [39]). 

Firstly, 22 and 20 metal electrons occupy the metal- 
based cluster orbitals in the butterfly and cubane, 
respectively. The two extra electrons are associated 
with the Co centers. In fact, the presence of the two 
additional occupied nonbonding Co-based orbitals 
(71 and 74) in the butterfly means that an extra non- 
bonding pair of electrons is associated with each Co 
center in this cluster. This excess electron density on 
the Co centers is reflected in the differences in cal- 
culated metal charges in the two clusters. The Co 
charges are -0 .15  and -0.01 in the butterfly and 
cubane, respectively. Each Co center is more negative 
by -0 .14  in the butterfly, despite the fact each Co is 
coordinated to two n-acceptor and two donor ligands 
in the butterfly and one n-acceptor and three donor 
ligands in the cubane. The Mo charges are nearly 
constant in the two clusters : +0.87 and +0.90 in the 
butterfly and cubane respectively. While discussions 
by Curtis et al. have made it clear that the butterfly is 
not 'electron precise' [40,41], these calculations make 
it clear not only that the cluster has excess electron 
density but also that the extra electrons are associated 
with the Co centers. 

The reaction (Eq. 1) in which a sulfur atom adds to 

the cluster to form the cubane is accompanied by the 
transfer of two electrons from the metal framework 
to the added sulfur. That is, the metal framework is 
oxidized. Comparisons of the orbitals in the two clus- 
ters make it clear that it is actually the Co centers 
which are oxidized. Formation of the new Co--Co 
bond in the cubane converts the 'nonbonding' Co 
based butterfly orbitals (71 and 74) to orbitals which 
now are truly bonding and antibonding. The bonding 
orbital remains occupied, while the antibonding 
orbital is destabilized and, with two less electrons in 
the metal framework, unoccupied. Thus oxidation of 
the metal framework removes two electrons from an 
orbital which in the butterfly is localized on the Co 
centers ; the Co centers are oxidized. Although assign- 
ing oxidation states in these large clusters is always 
done with some trepidation, we believe that it is most 
appropriate to view the electron rich Co centers in the 
butterfly as Co l- . These centers are each oxidized to 
Co o in the butterfly. The Mo centers then remain 
Mo 5+ in both clusters. These assignments are con- 
sistent with the make-up and occupations of the metal- 
based cluster orbitals and the calculated charges. 

The assignment of this negative oxidation state to 
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fragments. 

the Co center in the butterfly at first appears to be 
inconsistent with the fact that this Co center is sus- 
ceptible to nucleophilic attack. Examination of the 
character of the LUMO in the butterfly shows, 
however, how a nucleophile such as thiophene may 
both bind and react at the Co center in the butterfly. 
While the LUMO is antibonding between the Co's 
and Mo's and has both Co and Mo character, the Co 
character (illustrated in 1) is the important feature. 
Since the LUMO is also strongly antibonding between 
the Co's and the sulfurs below the Co's, the Co elec- 
tron density in this orbital is concentrated in the 
regions opposite these sulfurs. Thus the LUMO 

ck 
(I) 

resembles an unoccupied combination of large Co a 
orbitals which are accessible to an attacking nucle- 
ophile. The orbital structure of the butterfly cluster 
thus suggests that nucleophilic attack at a Co center 
is possible because of the nature of the LUMO. Bind- 
ing at this site must be followed by what is essentially 
an oxidative addition involving both Co centers. It is 
intriguing that although the mechanisms for desul- 
furization of thiophene in this cluster and in the ring- 
inserted complexes discussed in the previous sections 
may be different, they both appear to involve oxidative 
addition of thiophene to an electron rich, late tran- 
sition metal center. It is not clear, however, why in the 
butterfly cluster this reaction proceeds rapidly, with 
no identifiable intermediate, to desulfurize the thio- 
phene ring, while in the simple metal complexes the 
reaction results in metal insertion into the thiophene 
ring. Does the desulfurization reaction of thiophene 
with the butterfly cluster also involve a ring inserted 
intermediate, or does the presence of two  electron 
rich metal centers provide another facile pathway to 
desulfurization? 

Although no intermediate has been identified in the 
desulfurization reaction, Curtis et  al. have attempted 
to better understand the desulfurization reaction by 
reacting the butterfly with other nucleophiles such as 
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P(Me3) and CNMe. They find that while reactions of 
phosphine or isocyanide with the butterfly lead to 
formation of 'intermediate' clusters, both 'inter- 
mediates' revert back to a butterfly cluster (Eq. 2). 
CNMe replaces CO to form a substituted butterfly 
cluster while PMe3 is displaced to reform the original 
butterfly cluster [40,41]. We have carried out molec- 
ular orbital calculations on both the intermediate and 
substituted clusters, and our results indicate that the 
donor and/or acceptor properties of the added ligand 
determine whether CO or the new ligand is displaced. 
As described above, the two n acceptor CO ligands 
serve to stabilize the electron rich Co centers in the 
butterfly cluster. Although CNMe is not as strong a 
n acceptor as CO, it does serve as an acceptor and can 
thus replace CO. It is unfavorable, however, to replace 
an acceptor CO with a donor PMe3, since the reduced 
Co center requires the acceptor ligand for stability. 
While these results help explain the behavior of inter- 
mediates that incorporate PMe3 or CNMe, they do 
not explain why an intermediate is not observed when 
thiophene reacts with the butterfly or why desulfuriz- 
ation is observed. Presumably, coordination of a 
donor such as a thiol or thiophene should be similar 
to coordination of a phosphine. Why do they behave 
so differently? Again, this is a question that we cannot 
yet answer. We hope that calculations modeling reac- 
tions and possible intermediates involving thiols will 
help us answer several such important questions. 

Other cubane clusters 

We have also recently begun to study a group of 
cubane clusters characterized by an Mo3NiS 4 or 
Mo3PdS4 core. There has been considerable discussion 
in the literature regarding the assignment of oxidation 
states in these clusters [42,43]. In addition, the unusual 
reactivity of the Ni or Pd center in these clusters has 
prompted suggestions that these clusters may also pro- 
vide good models for HDS catalysts [44]. The results 
of our calculations indicate that Ni is present in the 
clusters as Ni ° (not Ni z+ as has been suggested) but 
that the Ni electron density is strongly delocalized 
throughout the metal-metal bonding framework. This 
delocalization is even greater for Pd. Although we do 
not believe that Ni or Pd is formally oxidized in these 
clusters, it is clear that the presence of one rather than 
two heterometal centers (as in the cubane discussed 
above) has a substantial effect on the electronic 
properties of the heterometal. In particular, the metal 
charge delocalization reduces the electron density 
associated with Ni or Pd and weakens some metal- 

ligand bonds. Our calculations also suggest that vary- 
ing the ligands on the Mo centers has a considerable 
effect on the Ni or Pd center.This in turn suggests that 
the reactivity at the Ni or Pd center might be 'tuned' 
by varying the ligands on the Mo centers. This is 
an area that both we and experimental groups will 
continue to study. 

SUMMARY 

The electronic structures of ~/5_ and q~-thiophene 
complexes reveal that while donation from the thio- 
phene orbitals to the metal is the major contributor to 
metal-ligand bonding, the vacant thiophene n* orbital 
can and does interact with the metal orbitals, n Back- 
donation becomes measurable, particularly for the 
larger 4d and 5d metals, when the metal orbitals lie 
sufficiently close in energy to the ligand n* orbital. 
Thus g back-donation should become most important 
when thiophene is bound to a 4d or 5d metal that is 
in a low oxidation state and/or is bound to other 
strong donor ligands. This increases the metal-sulfur 
orbital overlap, increases the electron density on the 
metal, and decreases the energy separation between 
the occupied metal ~ orbital(s) and the unoccupied 
thiophene n* orbital. Maximizing the n back- 
donation would weaken the C--S bond and could 
provide a pathway to activation of this C--S bond. 

The electronic structures of the metal-inserted com- 
plexes vary with metal center, coordination geometry, 
and the donor ability of the other ligands. The most 
notable differences are found in the frontier orbital 
structures of the saturated and unsaturated metal- 
inserted complexes. The 18-electron or saturated com- 
plexes are generally characterized by a sulfur based 
HOMO. The character of this orbital is consistent 
with the observed susceptibility to electrophilic attack 
of the sulfur in both (PEt3)2Pt[C,S-(SCsH6)] and (tri- 
phos)Ir(H)[C,S-(SCsH6)] and suggests that the sulfur 
in other similar complexes should be equally reactive. 
Reactivity at the metal center is observed only in the 
coordinatively unsaturated Pt complex, and this is 
also consistent with the orbital structures of the com- 
plexes. Only the coordinatively unsaturated platinum 
complex displays both an accessible unoccupied low- 
lying metal orbital and an electron rich metal center. 
These features are consistent with reactivity at the 
metal center proceeding via an oxidative addition. 

The unsaturated complexes exhibit a metal-based 
HOMO and a metal-based LUMO. The sulfur n elec- 
trons which in the saturated complexes are localized 
in the HOMO are now involved in delocalized metal- 
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ligand bonding. Thus the sulfur center in these com- 
plexes should not be susceptible to electrophilic 
attack. The LUMO's are both metal-based and access- 
ible (since these complexes are coordinatively unsatu- 
rated), and this feature provides an explanation for 
the susceptibility of the metal centers to nucleophilic 
attack. Differences in further reactivity probably stem 
from both charge and steric effects. 

Comparisons of the electronic structures of the 
butterfly and cubane clusters, (Cp')2M02C02S3(CO)4 
and (Cp')2M02C02S4(CO)2, respectively, indicate that 
the mechanism of sulfur abstraction from thiophene by 
the butterfly cluster [36] may share features with the 
mechanisms of sulfur abstractions involving the ring- 
opened complexes. Specifically, the substantial Co 
character of the LUMO in the butterfly and the clearly 
defined oxidation of the Co centers in going from 
the butterfly to the cubane are consistent with initial 
binding of the thiophene at a Co center followed by 
an oxidative addition. The fact that sulfur removal 
occurs rapidly with no observable intermediate, how- 
ever, makes it attractive to speculate that it is the 
presence of two electron-rich Co centers which pro- 
vides the facile pathway to desulfurization. 

Both the ability of complexes and clusters incor- 
porating electron rich, low oxidation state late tran- 
sition metal centers to activate C--S bonds (and in 
some cases to completely desulfurize thiophenic 
ligands) and the oxidative additions always involved 
in these reactions make it attractive to speculate even 
further that the chemistry observed in these reactions 
may truly provide a model for the heterogeneous HDS 
reactions. The heterogeneous reactions occur readily 
over late transition metal sulfides (e.g. RuS2, RhzS3). 
Under the reducing atmosphere of high H 2 pressures, 
the surfaces of these sulfides undoubtedly exhibit 
coordinatively unsaturated reduced metal sites. A 
redox HDS mechanism involving binding of thio- 
phene at one of these electron rich sites, oxidative 
addition, sulfur removal and reduction of the metal is 
not unreasonable. 

In summary, although we still do not understand 
the mechanism of heterogeneous HDS, homogeneous 
models have begun to provide possible reaction path- 
ways, and electronic structure calculations have begun 
to provide an understanding of the role of particular 
metal centers, ancillary ligands, coordination 
geometry (around the metal), and coordination mode 
of the thiophenic ligand in these reaction pathways. 
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