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GENERAL INTRODUCTION. MECHANISMS OF THIOPHENE 

HYDRODESULFURIZATION 

Preface 

This dissertation contains results of research in two different areas: organometallic 

synthesis and microreactor studies. First, in the organometallic studies, thiophene 

coordination to metal complexes is studied. Of the different possible modes of thiophene 

coordination to organotransition metal centers (and possibly an active site on the catalyst 

surface), the T|^(5)-bound mode has been rarely studied due to the weak interaction of the 

thiophene S atom with transition metal centers. Therefore, one goal of tiiis research is to 

study the Ti'(S)-bound thiophenes and use the results to establish the plausibility of thiophene 

binding to the catalyst in this manner. 

Second, the 1,3-butadiene from thiophene deuterodesulfurization in a flow-

microreactor at 400 °C over PbMog ̂ Sg is examined by mass and NMR spectrometries for 

its deuterium content and the postion of incorporation. The goal of this study is to determine 

which of the mechanisms in the literature are supported by the deuterium uptake under these 

reaction conditions. This work was done in collaboration witii Professor Glenn L. Schrader 

of the Chemical Engineering Department at Iowa State University. 

This dissertation contains a general introduction and four papers. The general 

introduction is a review of the mechanisms of thiophene HDS as proposed in the literature. 

The following four papers contain the results of my research as it was submitted for journal 

publication. Literature citations, tables and figures pertain only to the papers in which they 

are included. Included with the final paper is an appendix detailing the operation of the 

microreactor that will not be published. Following the appendix is a general summary and 

additional references for the general introduction. 



www.manaraa.com

2 

Introduction 

Hydrodesulfurization (HDS) is a heterogeneous catalytic process which removes 

sulfur from crude oil and coal liquids, l HDS ranks as one of the largest catalytic processes 

performed in 1992; 27.2 million barrels of oil are treated each day worldwide.^ This 

pretreatment of petroleum feedstocks is necessary for a number of reasons. First, sulfur 

must be removed, as it poisons the precious metal catalysts used in catalytic reforming. 

Second, even the least reactive sulfur containing compounds, which form sulfur oxides 

during the combustion of the fossil fuels must be removed, due to increasingly strict air 

quality regulations. Third, HDS is increasingly important in a time of dwindling oil reserves, 

as it becomes necessary to process heavy crude oil residua (b. pt. > 350 °C), which contain 

as high as 5 - 10 % sulfur,^ into cleaner burning fuels. HDS is also used to remove the 

pungent odor from feedstocks. 

The organosulfur compounds shown in Figure 1, typical of those found in petroleum 

feedstocks, are listed in approximate order of decreasing HDS activity. The thiols, sulfides 

and disulfides, usually found in the lighter fractions, are among the easiest to desulfurize 

requiring milder conditions than thiophenes. The aromatic thiophenic compounds, especially 

thiophene, benzo[b]thiophene and dibenzotiiiophene, are much more difficult to desulfurize. 

Due to their lower reactivity, they are often used as models for studying tiie HDS process. 

The HDS reaction of the most widely studied organosulfur compound, thiophene, is shown 

in equation 1. 

MoS 2/AI gOg (1) 

Co-Mo/Al 2O3 

400 °C 
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Compound Class Structure 

Thiols (mercaptans) 

Sulfides 

Disulfides 

R - S - H  

R - S - R '  

R - S - S - R '  

Thiophenes o  B  

Benzo[b]thiophenes 
Rv 

Dibenzothiophenes 

Benzonaphthothiophenes 

Benzo[ def] dibenzothiophenes 

Figure 1. Organosulfur compounds typically found in petroleum. 
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Industrially, desulfurization reactions are run at temperatures of 340 - 425 °C and at 

pressures of 55 - 170 atmospheres.'* Under these conditions, HDS is an exothermic, 

essentially irreversible process. The catalysts used for this process and the other related 

hydrotreating processes, hydrogénation, hydrodenitrogenation (HDN), hydrodeoxygenation 

(EDO) and hydrodemetalation (HDM) are supported sulfides of molybdenum and tungsten 

on alumina promoted with cobalt and nickel. Generally, these catalysts are quite complex. 

Although the catalyst has been probed by different spectroscopic techniques, such as 

EXAFS,5 in situ raman,^ X-ray diffraction,? XPS® and Mossbauer^ spectroscopies, the 

nature of the active sites as well as the exact role of the promoter are as of yet not well 

understood. 

Despite the research that has been carried out on thiophene HDS, the exact 

mechanism, or mechanisms of this process are still not clear. Although a number of 

mechanisms have been proposed, they all follow either of two general pathways: initial 

hydrogénation of the thiophene followed by desulfurization, or initial C-S bond cleavage 

followed by partial or complete hydrogénation of the hydrocarbon fragment. The initial step 

in any HDS mechanism is the adsorption of thiophene to an active site on the catalyst surface. 

A number of possible binding modes have been demonstrated in several organometallic 

complexes containing thiophene as ligands.^O These complexes, their reactions, as well as 

numerous reactor studies, provide the basis for these mechanisms. A number of reviews of 

HDS have been written recently.^» 1 ̂  The following section is a summary of HDS 

mechanisms published by 1992. The mechanisms published prior to 1986 have been 

reviewed in detail by Sauerl2 and will be reviewed only briefly here. After 1986, four 

mechanisms have been published, and they will be examined in greater detail. 
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Hydrodesulfurization Mechanisms 

Hydrogénation Mechanisms 

One of the first mechanistic studies of thiophene HDS was reported by Moldavski and 

Prokoptscuk'3 in 1932. These early studies of thiophene HDS over M0S2 at 350 °C 

produced butane as the major product. In later work by Griffith, Marsh and Newling,!^ 

however, using a continuous flow reactor at atmospheric pressure over M0S2 and Ni2S3, 

butenes were detected as the major hydrocarbon product. No THT or n-BuSH was 

observed. A partial hydrogénation mechanism (eq 2) for HDS was suggested by 

o ""P ̂  
s Mo Mo Mo Mo Mo + HgS 

Griffith et al. that begins with two-point thiophene adsorption to two neighboring Mo atoms. 

One H atom is added to thiophene to partially hydrogenate one double bond, followed by 

attachment of the S atom to another Mo that activates the thiophene to undergo C-S bond 

cleavage to give 1-butene and H2S. 

Kieran and Kemball^^ studied the HDS of thiophene, THT and straight-chain thiols 

over M0S2 and WS2; THT was detected from thiophene HDS. They found thiophene was 

the hardest to desulfurize, followed by THT and then the thiols. From their evidence they 

proposed a reaction scheme for thiophene HDS that occurred in three stages: hydrogénation 

of the thiophene ring, ring cleavage and desulfurization and isomerization and desorption of 

desulfurized products. 
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Kwart, Schuit and Gates reviewed the inconsistencies in the one-point mechanism 

proposed by Lipsch and Schuit (vide infra). Citing work by Daudel et al.,17 who estimated 

the electron density of the S atom and the C-C double bonds, they proposed a mechanism in 

which the thiophene is initially bound through the C2-C3 double bond, since it has the 

highest electron density. Their mechanism describes in detail the addition of two H atoms to 

the double bond to give an T|l(S)-coordinated 2,3-dihydrothiophene intermediate. This 

intermediate can undergo ̂ -elimination of H with C-S bond cleavage to give an "H^S)-

butadiene thiolate. Two paths are possible for cleaving the second C-S bond: either the 

second olefin is coordinated and hydrogenated followed by a ^-elimination step which 

cleaves the second C-S bond to give 1,3-butadiene, or the first olefin remains coordinated, is 

then hydrogenated as the second C-S bond cleaves to desorb 1-butene. 

C-S Cleavage Mechanisms 

Hydrogenolysis of thiophene over vanadium oxide catalyst, 18 using a flow-reactor at 

350 - 400 °C produced 1,3-butadiene in detectable amounts along with butenes and butane. 

From this work by Komarewski and Knaggs, a mechanism was suggested in which the 

thiophene is adsorbed to two neighboring V atoms similar to that of Moldavski and 

Prokoptscuk (vide ante), except through the C-S bond, which is cleaved step wise to give 

1,3-butadiene and H2S (eq 3). Subsequent hydrogénation of 1,3-butadiene gives butenes 

and butane. 

He 
(3) 
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In the early 1960's, Owens and Amberg^^ published a mechanism based on their 

flow reactor studies of thiophene HDS over C0-M0/AI2O3 and chromia/Al203 catalysts. 

Under atmospheric hydrogen pressure, 1,3-butadiene was detected over the chromia catalyst. 

They also observed that 1-butene was always produced in amounts greater than the calculated 

equilibrium distribution for butenes. It was concluded that C-S cleavage is the first step in 

the mechanism to give 1,3-butadiene followed by hydrogénation of 1,3-butadiene to 1-

butene. The 1-butene isomerizes to give the detected distribution of butenes. In an extension 

of this work, the kinetics of the HDS of thiophene, 2-methylthiophene, 3-methylthiophene 

and tetramethylthiophene were examined by Desikan and Amberg.20 Their results indicated 

that C-S cleavage is the rate determining step in the mechanism. The work was also 

supported by Kolboe and Amberg,21 who also detected 1,3-butadiene from thiophene HDS 

at atmospheric pressure over M0S2, C0-M0/AI2O3 and chromia catalysts. 

Kolboe22 investigated the HDS of thiophene, tetrahydrothiophene and n-BuSH over 

M0S2, C0-M0/AI2O3 and chromia/Al203 catalysts. He observed that more 1,3-butadiene 

was produced from THT than from thiophene and that the overall product distibutions were 

different in each case. The desulfurizarion of n-BuSH produced mainly 1-butene and butane. 

He concluded that the intermediates in the HDS of thiophene, THT and n-BuSH were not the 

same. Based on his observations, he proposed a thiophene HDS mechanism that begins with 

dehydrosulfurization (eq 4), where C-S bond cleavage occurs stepwise to give H2S and 1,3-

butadiyne, a pathway analogous to alcohol dehydration. The adsorbed 1,3-butadiyne, which 

is not observed, is quickly hydrogenated to give 1,3-butadiene. The reaction of THT gives 

1,3-butadiene directly by a similar mechanism in which p-hydrogens are lost as the C-S 

bonds cleave. This mechanism for thiophene HDS is supported by IR studies^^ of thiophene 

decomposition on M0S2 films which exhibited a band between 3140 and 3160 cm-^ that was 
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O  

"W" •  H C = C - C = C H  

- H j S  

2 H, 

^ n 

(4) 

assigned to the asymmetric stretch of an acetylene species on the surface and supported the 

idea that thiophene decomposes through an acetylenic intermediate. 

In 1969, Lipsch and Schuit24 described adsorption and reactivity studies of thiophene 

over C0-M0/AI2O3. Based on this work and the previous work by Kolboe, Amberg, and 

Nickolson,25 they proposed a detailed mechanism for thiophene HDS, which included a 

description of the adsorption mode of thiophene and the active site on the catalyst (eq 5). In 

HO „ OH 
I  O 4 +  I  _  

Mo - Q- Mo " O" Mo 

HO O  OH 
I i I 

Mo- 0~ Mo" 0" Mo 

O  
O s' OH 

'J I I 
Mo - O-Mo" O- Mo 

m  

?  1 6 +  ?  
Mo- 0~ Mo" 0~ Mo 

2H, 

"n /H 
HO S OH 

Mo " 0~ Mo • O" Mo 

HO "2S OH 
"•,,1 4+ I 

Mo- 0- Mo- O- Mo 

(5) 

their "One Point" mechanism, thiophene was proposed to be bound through the sulfur atom 

in an T|l(S)-fashion through one of its lone pairs to an anion vacancy. This thiophene surface 

interaction was thought to weaken the C-S bond. Transfer of H atoms from neighboring 
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-OH groups cleave the C-S bonds to give 1,3-butadiene and an adsorbed S atom. Addition 

of two equivalents of H2 gives H2S and regenerates the active site. 

Although Kolboe does not explicitly identify the origin of the hydrogen in the product 

H2S, Mikovsky, Silvestri and Heineman^^ interpreted his mechanism as to include an 

intramolecular ^-elimination, whereby H in the H2S comes from the ^-positions on 

thiophene. Thus, examining the D content of the H2S produced during thiophene 

deuterodesulfurization (DDS) (using D2 instead of H2) would differentiate between the 

mechanisms proposed by Kolboe and Amberg (eq 6). They observed the isotopic content 

of the H2S (H2S, HSD and D2S) from thiophene DDS over C0-M0/AI2O3 to be nearly all H 

at low conversion. Their results suggested that the hydrogen on H2S comes from thiophene, 

not from the surface, supporting Kolboe's mechanism. Their results are similar to those of 

McCarty and Schrader^? who observed 96% H2S from thiophene DDS. McCarty and 

Schrader postulated, however, that the H atoms came from H "pools" on the surface created 

by thiophene exchange, not the intramolecular reaction. 

Cowley^ also investigated the isotopic distribution of H2S from the DDS of 2,5-

dideuterothiophene over C0-M0/AI2O3. In contrast to the results of Mikovski and McCarty, 

he found a majority of D2S (44%) and HDS (39%) and concluded that the Kolboe 

mechanism was not the route for thiophene HDS. Similarly, Blake, Eyre, Moyes and 

Kolboe 

Amberg 

(6) 
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Wells^^ found 91% D2S and 9% HSD at 5% conversion of thiophene over M0S2 in a static 

reactor at 365 °C. Based on his results, Cowley proposed a mechanism that begins with 

initial Ti-adsorption of the thiophene ring to a metal site. This 7t-adsorption, also proposed by 

Zdrazil,30 was believed to disrupt the ring aromaticity, making it susceptable to C-S bond 

cleavage. While 7t-bonded, the sulfur associates with surface hydrogen, and C-S lx)nd 

cleavage occurs by addition of H from nearby -SH groups. 

Dual Path Mechanism 

Devanneaux and Maurin^l studied HDS of thiophene and benzo[b]thiophene over 

C0-M0/AI2O3 in order to look at the discrepancies between the C-S cleavage and 

hydrogénation mechanisms. At higher reaction pressure, approaching those of commercial 

processes, THT and butenes were detected, prompting them to propose a dual path 

mechanism for both thiophene C-S bond cleavage and hydrogénation. From kinetic analysis 

of these reactions, the existence of two separate catalytic sites for hydrogénation and 

desulfurization were proposed. Supporting a mechanism involving hydrogenated surface 

species, Zdrazil32 in examining C-S bond strengths, found that direct cleavage of the 

aromatic C-S bond would be difficult. Disruption of the thiophene aromaticity by 

hydrogénation destroys any double bond character of the C-S bond, making it easier to 

desulfurize. 
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New Mechanisms 

Hydrogénation Mechanism Proposed by Sauer, Market, Schrader 

and Angelici.33 

In recent years, organotransition metal complexes containing thiophene as ligands 

have provided models of thiophene binding modes and reactivities which may be similar to 

the types of reactions occurring on the catalyst surface. Microreactor studies and reactions of 

organometallic complexes containing thiophene are used as the basis for the mechanism in 

Figure 2.^3 The mechanism begins with adsorption of thiophene to a surface metal site in the 

Ti^-binding mode. This binding mode has been observed in a number of organometallic 

complexes: CpM(T|5-T)+ (Cp = T = thiophene; M = Fe,^^ Ru^S), (C0)3Cr(T|^-

T),36 (CO)3Mn(Ti5-T)+ 37 and Cp*M(T|5-T)2+ (Cp* = n^-CsMeg; M = Rh, Ir)38 and (Ti^-

T)M(PPh3)2+ (M = Rh, Ir).39 Reactions37b of (C0)3Mn(T|5-T)+ with metal hydride 

complexes HFe(C0)4- and HW(C0)5- (eq 7) add H" to the 2-position on thiophene, 

breaking the thiophene aromaticity and forming an allyl sulfide intermediate. Thus, it is likely 

that H" from a nearby metal hydride on the catalyst surface transfers to the 2-position (step a) 

(Figure 2) of the Ji-bound thiophene. 

In step b, an H+ from a nearby -SH group adds to the 3-position on the thiophene. 

+ HM(CO) X 

H H 

+ M(CO) X (7) 

Mn(CO) 3 
Mn(CO) 3 

M(CO) X = Fe(CO) 4 or W(CO) 5 
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(f) 
(b) 

M + HJS 

(e) Ho 

II ^ r\ 
M 

(d) 

H - V  V .H 

M 

I' 

M 

Figure 2. Hydrogénation mechanism proposed by Sauer, Markel, Schrader and Angelici.33 
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forming a 2,3-dihydrothiophene (2,3-DHT) species on the catalyst surface. This step is 

based on the reactions of the organometallic complex, (CO)3Mn(T|'*-T*H),37b with strong 

acids in which the 3-position of the thiophene ring is protonated (eq 8) to give 2,3-DHT. It is 

+ HX • (8) 

Mn(C0)3 Mn(C0)3X 

HX = HCl, CF3SO3H or CF3CO2H 

H H 

unclear as to whether the 2,3-DHT species will be bound through both the S atom and the 

olefin, or through just the S. The structure of this Mn complex could not be determined as it 

was too unstable for an X-ray experiment. However, 2,3-DHT was displaced from the 

complex with MeCN. Other complexes containing only the S-bound 2,3-DHT are known."^® 

Step c (Figure 2) is an isomerization step converting the 2,3-DHT to the 

thermodynamically more stable 2,5-dihydrothiophene (2,5-DHT). This isomerization was 

observed in reactor studies in which 2,3-DHT was converted to 2,5-DHT over Re/Al203 at 

3(X) °C.^^ Likewise, the reverse reaction was observed when 2,5-DHT was passed over the 

same catalyst under the same conditions. Although the exact nature of this isomerization is 

unknown, 1,3-H shifts are well known in organic chemistry as are olefin isomerizations in 

heterogeneous and homogeneous catalysis.^2 Finally, as the 2,5-DHT intermediate is 

coordinated to a metal atom, sulfur is abstracted and 1,3-butadiene is desorbed (step d) 

leaving a metal sulfide which is subsequently hydrogenated to give H2S (step e). This 

decomposition of 2,5-DHT was observed over Re/Al203. Likewise, decomposition of 2,5-

DHT complexes of metal carbonyls, (CO)4Fe(2,5-DHT),33b (CO)5W(2,5-DHT) and 
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(CO)9Re2(2,5-DHT)43 at 120 °C occurs rapidly to give 1,3-butadiene, 2,5-DHT and a 

residue that is likely to be the metal sulfides. 

The mechanism in Figure 2 leads to just 1,3-butadiene formation. The observed 

hydrogenated hydrocarbons, butenes and butane (eq 1), are likely produced directly from 

1,3-butadiene hydrogénation, rather than from thiophene by a separate pathway. Reactor 

studies^27 indicate that as conversion of thiophene decreases, the relative amount of 1,3-

butadiene increases. Also, the amount of 1-butene is in excess of its equilibrium value , 

indicating that 1,3-butadiene is the first desulfurized product, which is rapidly hydrogenated. 

C-S Cleavage Mechanism Proposed by Chen and Angelic!'^'* 

A second mechanism derived from reactions involving organometallic complexes is 

shown in Figure 3.^ This mechanism begins with ri^-coordination of the thiophene C-C 

double bonds to a metal site on the catalyst surface. In the iT^-mode, which has been 

observed in organometallic model complex, Cp*Ir(T(4-2,5-Me2T),')4 (2,5-Me2T = 2,5-

dimethylthiophene) the sulfur atom is bent out of the plane of the thiophene ring as is seen in 

the structure of the complex (eq 9). Base catalyzed C-S bond cleavage using EtgN, basic 

AI2O3 or "Red-Al" [(CH30CH2CH20)2A1H2"] converts the Tj'^-thiophene to the ring-opened 

form, Cp*Ir(C,S-2,5-Me2T) (eq 9), at room temperature. This is the basis for step a 

Base 
(9) 

Ir Catalyst 

Cp*Ir(Ti4-2,5-Me2T) Cp*Ir(C,S-2,5-Me2T) 
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Figure 3. C-S cleavage mechanism proposed by Chen and Angelici.^'^ 

(Figure 3) in which the C-S bond in the Ti'^-thiophene cleaves to form a six-membered ring on 

the surface. Other complexes, Cp*Rh(PMe3)(C,S-Th)45 (Th = T, 2,5-Me2T, 2-

methylthiophene [2-MeT], 3-methylthiophene [3-MeT], benzo[b]thiophene [BT] and 

dibenzothiophene [DBT]), Cp*Rh(C,S-Me4T)'*6 (Me4T = tetramethylthiophene) and 

Cp*2Co2(|i.2-C,S-T)'^^ are known in which the metal atom inserts into the C-S bond. A 

nearby metal may interact with the thiophene S atom, as in step b, which cleaves the second 

C-S bond forming a bridging metal sulfide and a five-membered metallacyclopentadiene ring. 
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Tlie surface species formed in step b is based on an organometallic complex isolated from the 

reaction of Cp*Ir(Ti4-2,5-Me2T) and Fe(C0)5 in THF (eq 10). Although the exact structure 

1^' 

V  +Pe(CO): ^ * /^^^,S-Fe(CO), (,o, 

of the product of equation 10 was not established by X-ray, the figure drawn is consistant 

with spectroscopic data. The structures of the intermediates formed in steps c and e (Figure 

3) are based on similar reactions of both Cp*Ir(T|'^-2,5-Me2T) and Cp*Ir(C,S-2,5-Me2T) 

with Fe2(CO)9 and Fe3(CO)i2 in THF (eq 11).^ In both cases, these reactions give the 

S-Fe(CO) 

C = 0  

Fe 2(00)9 YHF (11) 
or • 

Fe3(CO)i2 OC^ CO 
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metallacyclopentadiene complexes shown in equation 11. These reactions provide a pathway 

for sulfur abstraction from thiophene without prior hydrogénation of the thiophene ring. 

Following the formation of the 5-membered ring (step c. Figure 3), the S atom and the C4 

fragment could be abstracted as HgS and 1,3-butadiene by reaction with surface hydrogen. 

Although just 1,3-butadiene is produced by this mechanism, it is likely that subsequent 

hydrogénation gives the distribution of C4 products 

Mechanism Proposed by Curtis and Coworkers 

Curtis and coworkers^^ proposed the HDS mechanism shown in Figure 4. In their 

study, two catalysts were prepared by depositing the cluster compounds, 

Cp'2Mo2Fe2S2(CO)8 and Cp'2Mo2Co2S3(CO)4, (Cp' = ri^-CgH^Me) on alumina. Heating 

the supported clusters under He or H2 evolves CO, CgHgMe, CO2, CH4 and H2S or Me2S, 

producing an active catalyst for both HDS and CO hydrogénation. The HDS activities of 

thiophene and THT as well as the hydrogénation activities of 1,3-butadiene and 1-butene 

were measured in a differential flow reactor at 300 °C using both reduced and sulfided forms 

of tiie catalyst. 

In tiieir mechanism (Figure 4), thiophene is initially hydrogenated to either 2,5-DHT 

(step a), a likely intermediate in the formation of 1,3-butadiene or to 2,3-DHT (step b) as an 

intermediate in the formation of 1-butene. The small amounts of 1,3-butadiene detected in 

tiieir reactions prompted their proposal of a separate, minor pathway for its formation. 

Separate formation of 2,3-DHT is described as the major reaction pathway as 1-butene (step 

c) is always in excess of the equilibrium values for butenes. Dual path formation of 

hydrocarbons, however, is contrary to other proposals which suggest that 1-butene results 

from direct hydrogénation of l,3-butadiene.27 This second patiiway to 2,3-DHT also leads 

to cracking (step d) of the hydrocarbon fragment to give propene, methane and metiianetiiiol. 
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Figure 4. HDS mechanism proposed by Curtis from reactions of thiophene over 

C0M0S/AI2O3 and FeMoS/AlaOs catalysts at 300 
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Since cracking was not detected with control reactions of 1,3-butadiene or 1-butene, it was 

proposed to occur while the S atom is still attached to the C4 fragment. Insertion of the metal 

atom into the C-S bond (step e) of 2,3-DHT may also lead to the formation of a 

metallacyclopentane, which may produce either ethylene as a cracked hydrocarbon, or a 

metallathiocyclohexane to give 1-butene. 

Mechanism Proposed by Delmon and Dallons'^^ 

Delmon and Dallons^^ reviewed the HDS literature and published a mechanism which 

explains the results published thus far. Their mechanism, shown in Figure 5, takes into 

account the nature of the catalyst while remaining consistent with known mechanisms in 

organic chemistry. They suggest that the reaction is concerted and can be extended to O and 

N heterocycles as well. 

In step a, the carbons in thiophene are 71-adsorbed to a coordinatively unsaturated Mo 

atom through both double bonds in an T|"^-binding mode, while the thiophene S atom interacts 

with neighboring -SH groups by partial donation of the surface -SH lone pairs to the 

thiophene S atom. Although the nature of this interaction is not described (i.e. which orbitals 

on thiophene accept the donation from the surface S atoms), this interaction is unlikely as the 

sulfur in T|^-thiophene organometallic complexes^® is a strong Lewis base, rather than a 

Lewis acid. They suggest, however, that this initial interaction increases the adsorption 

strength over just TC-adsorption and makes this mechanism universal to other 5-membered 

aromatic heterocyclic rings (furan, pyrrole). The second step in the mechanism (step b) is 

hydrogénation of C3 and C4. As this hydrogénation takes place, C2 and C5 form bonds 

with the surface Mo atom. This is based on the fact that partial hydrogénation is necessary to 

break the aromaticity of the ring and weaken the C-S bond. 
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/ HS SH 
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Mo Mo 
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Mo 

2  H  (b) 
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Mo 
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-H,S 
S  \ P H  

Mo— S— Mo 

Figure 5. HDS mechanism to give 1,3-butadiene proposed by Delmon and Dallons.^^ 
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Steps c, d and e are proposed to occur simultaneously. The surface -SH groups each 

transfer H atoms (step c) to C2 and C5 forming hypervalent carbons similar to those found in 

Sn2 type transition states which weaken the thiophene C2-H and C5-H bonds; the thiophene 

H's transfer to the thiophene S atom to form H2S, which is desorbed (step d). This step 

accounts for the formation of H2S rather than D2S during the deuterodesulfurization 

thiophene (using D2 gas instead of H2) as seen by Mikovski26 and McCarty and Schrader,27 

and the D2S observed by Cowley.28 Under low concentrations of hydrogen (i.e. low H2 

pressure), H atoms from C3 and C4 migrate to C2 and C5 and 1,3-butadiene is desorbed 

(step e) from the surface. Higher concentrations of H2 reform the -SH groups which 

subsequently hydrogenate the C4 fragment to give butenes and butane. 
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PAPER I. EQUILIBRIUM STUDIES OF THE DISPLACEMENT OF Til(5)-

THIOPHENES (Th) FROM Cp(C0)(PPh3)Ru(ril(S)-Th)+. 1 

Reprinted with permission from Organometallics 1992,11,922. Copyright 1992, American 

Chemical Society 
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ABSTRACT 

The reactions of Cp(C0)(PPh3)RuCl (Cp = with Ag+ and thiophenes (Th) 

produce the stable sulfur-bound (T|l(5')-) thiophene complexes Cp(CO)(PPh3)Ru(Til(5)-Th)+ 

(Th = T, 2-MeT, 3-MeT, 2,5-Me2T, Me4T, BT and DBT). Equilibrium constants, K', for 

the displacement of thiophene (T) by methyl-substituted thiophenes, benzo[b] thiophene (BT) 

and dibenzothiophene (DBT), Cp(CO)(PPh3)Ru(T|l(5)-T)+ + Th' 

Cp(CO)(PPh3)Ru(Til(5)-Th')+ + T, increase in the following order: T(l) < 2,5-Me2T(2.76) 

< 2-MeT(4.11) < 3-MeT(6.30) < BT(29.9) < Me4T(57.4) < DBT(74.1). In general, methyl 

groups on thiophene increase K', but a-methyl groups reduce the stabilities of complexes 

with 2-MeT, 2,5-Me2T and Me4T ligands due to a steric interaction with the PPh3 group. 

The ligands tetrahydrothiophene (THT) and MeCN have K' values (> 7.1 x 10^) which are 

much higher than any of the thiophenes, while Mel (K' = 2.0) is a slightly better ligand than 

T. An x-ray structure determination of [Cp(CO)(PPh3)Ru(2-MeT)]BF4 is also reported. 
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INTRODUCTION 

An important step in the mechanism(s) of thiophene (T) hydrodesulfurization (HDS) 

on heterogeneous catalysts is its adsorption to a metal site on the catalyst surface. Results of 

heterogeneous studies^ indicate that methyl-substituted thiophenes bind more strongly to a 

C0-M0/AI2O3 catalyst than thiophene itself; the adsorption equilibrium constants (in 

parentheses) decrease in the order: 2,5-dimethylthiophene (2,5-Me2T) (2.5) > 3-

methylthiophene (3-MeT) (1.7) = 2-methylthiophene (2-MeT) (1.6) > T (1.0). The same 

trend is observed for Ti^-thiophene binding in the complexes CpRu(T|5-Th)+;3 equilibrium 

constants (K') for equation (1) decrease with different methyl-substituted thiophenes Th' in 

1+ K' 

(,^0 
RuCp 50°C RuCp 

the order: Me4T > 2,5-Me2T > 3-MeT > 2-MeT > T (where Me4T is tetramethylthiophene). 

These similar trends are consistent with T|5- binding of thiophene on the catalyst surface. The 

well-known reactivity^ of TjS-thiophene in its metal complexes also supports such an 

adsorption mode on HDS catalysts. 

The other common mode of thiophene coordination in transition metal complexes is 

hl(S) through the sulfur.5 Complexes exhibiting this mode of thiophene binding are as 

follows: RU(NH3)5(T)+2,6 Cp(CO)2Fe(T)+,7 CpFe(NCMe)2(2,5-Me2T)+,8 

W(CO)3(PCy3)2(T),9 (C5H4CH2C4H3S)Ru(PPh3)2+,10 Cp*(CO)2Re(T)," MX2(L') (M = 

Pd, X = CI, Br, I, SCN; M = Pt, X = CI), 12a [CuCl2(L')]2,l2b Pd(h3-allyl)(L') 12c (L' = 

2,5,8-trithia[9](2,5)thiophenophane), [RuClL2]BF4 13 (l = 6-(2-thienyl)-2,2'-bipyridine) 

and Cp(CO)2Fe(2,5-Me2T)+.l'^ Kinetic studies 1^ of the replacement (eq 2) of methyl-
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MBx 
(2) 

substituted thiophenes in CpRe(C0)2(T| ̂  (5^)-Th) show that the rate of thiophene dissociation 

decreases in the order (rate constants, 10^ s'^, in parentheses): T(3000) > 3-MeT(1200) > 2-

MeT(91) > 2,5-Me2T(13) > Me4T(2.7) > DBT(1.6). This trend suggests that Me groups on 

the thiophene strengthen its coordination to the Re, and there is no evidence of steric 

repulsion between the Me groups in the 2- and 5-positions with the other ligands around the 

Re; such a repulsion would be expected to weaken the M-S bond if the ligand were bound 

perpendicularly to the metal. However, structures of S-bound thiophenes indicate that the S 

is pyramidal,so that the Me groups in the 2- and 5-positions pose less of a steric 

problem. The above trend in rates of thiophene dissociation suggests that methyl-substitution 

of thiophenes would strengthen bonding to metal sites on HDS catalysts. However, no 

studies of the relative equilibrium binding strengths of ril(5)-thiophenes have been reported. 

In this study, we present the synthesis and characterization of a new series of stable 

Tlk5)-thiophene complexes Cp(C0)(PPh3)Ru(Th)+ where Th = T, 2-MeT, 3-MeT, 2,5-

Me2T, Me4T, BT and DBT; structures and numbering systems of benzo[b]thiophene, BT, 

and dibenzothiophene, DBT, are shown below: 

7 

BT DBT 
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Also, the X-ray-determined structure of Cp(CO)(PPh3)Ru(2-MeT)+ and equilibrium 

constants, K', for the thiophene displacement reactions shown in equation 3 are reported. 

1 2-7 

Th: 2-MeT( 2), 3-MeT ( 3), 2,5-Me gT (4), Me^T (5), BT (6), DBT (7) 
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EXPERIMENTAL 

General Procedures 

All reactions were performed under a nitrogen atmosphere in reagent grade solvents 

using standard Schlenk techniques.Diethyl ether was distilled under nitrogen from 

Na/benzophenone; CH2CI2 was distilled from CaH2. Solvents were stored over 4-Â 

molecular sieves under nitrogen. The and NMR spectra were obtained on 

Nicolet NT-300 or Varian VXR-300 spectrometers using CD2CI2 as the solvent and the 

internal lock. Fast atom bombardment (FAB) spectra were obtained in a CH2CI2-3-

nitrobenzyl alcohol matrix with a Kratos MS-50 mass spectrometer; infrared spectra of the 

compounds were taken in CH2CI2 solvent with a Nicolet 710 FT-IR spectrometer. Elemental 

analyses were performed by Galbraith Laboratories, Inc., Knoxville, TN. 

The starting material, Cp(C0)(PPh3)RuCl, was prepared according to a literature 

procedure. Thiophene was purified as previously described.20 2-MeT, 3-MeT, 2,5-Me2T, 

BT, DBT and AgBF4 were purchased from Aldrich and used without further purification. 

Me^T was prepared by a literature method.21 

General Procedure for the Preparation of the (Cp(CO)(PPh3)Ru(Th)]BF4 

Complexes (1-7) 

To a solution of 0.103 g (0.209 mmol) of Cp(C0)(PPh3)RuCl and 1.04 mmol of the 

thiophene, Th, in 25 mL of CH2CI2 was added 0.056 g (0.288 mmol) of solid AgBF4. The 

mixture was stirred at room temperature for 1 h, during which time the solution turned cloudy 

and the color changed from orange to yellow. The solution was filtered through Celite, and 

the volatiles were removed under vacuum. The residue was dissolved in a minimum amount 

of CH2CI2 (the BT and DBT reaction residues were first washed with two 5-mL portions of 
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Et20 to remove the excess thiophene), and the solution was layered with Et20. The products 

(1-7) crystallized overnight at -20°C as yellow powders or pale orange crystals in 65-85% 

yields. 

Characterization of 1-7 

[Cp(CO)(PPh3)Ru(T)]BF4 (1); iH NMR 3 7.21 (m, 2H) and 7.12 (m, 2H), T; 4.98 

(s, Cp); 7.60-7.30 (m, PPhg). 13c{ iR) NMR S 137.95 (d, 3jcp = 2.11 Hz, C2, C5) and 

132.12 (s, C3, C4), T; 88.14 (d, ^JQP = 1.5 Hz, Cp); 200.17 (d, ^JQP = 18.3 Hz, CO); 

133.41-129.67 (PPh]), [a typical pattern for the PPh] resonances in all of the complexes 1-7 

is 133.41 (d, Jcp = 11.23 Hz), 132.64 (d, Jcp = 51.6 Hz), 132.09 (d, Jcp = 2.79 Hz) and 

129.67 (d, JCP = 10.71 Hz)]. IR V(CO) 1999 cm-l(s). 

[Cp(CO)(PPh3)Ru(2-MeT)]BF4 (2): 'H NMR 5 6.98 (m, H4), 6.92 (m, H3), 6.52 

(d, J = 1.1 Hz, H5) and 2.42 (d, J= 1.2 Hz, Me), 2-MeT; 4.95 (s, Cp); 7.62-7.22 (m, 

PPh3). 13c{1h} NMR Ô 152.02 (d, 3jcp = 3.7 Hz), 134.44 (s), 132.36 (s), 129.35 (s) 

and 14.43 (s, Me), 2-MeT; 88.35 (d, 2Jcp = 1.5 Hz, Cp); 200.74 (d, ^Jqp = 18.6 Hz, CO); 

133.38-129.71 (PPh3). IR\)(CO) 1996 cm'l (s). Anal. Calcd. for C29H26BF4OPRUS: C, 

54.30; H, 4.09. Found: C, 54.00; H, 4.24. 

[Cp(CO)(PPh3)Ru(3-MeT)]BF4 (3): iH NMR Ô 7.02 (m, H2, H5), 6.60 (m, H4) 

and 2.22 (d, J = 1.2 Hz, Me), 3-MeT; 4.99 (s, Cp); 7.60-7.28 (m, PPh3). I3c{ iH) NMR ô 

143.70 (s), 137.84 (d, 3Jcp = 2.2 Hz), 135.22 (s), 130.99 (d, 3Jcp = 2.1 Hz) and 16.38 (s. 

Me), 3-MeT; 88.14 (d, 2jcp = 1.5 Hz, Cp); 200.35 (d, ^Jqp = 18.6 Hz, CO); 133.4-129.6 

(PPh3). IR D(CO) 1997 cm-1(8). 

[Cp(CO)(PPh3)Ru(2,5-Me2T)]BF4 (4): iH NMR 6 6.62 (s, 2H) and 2.07 (s. Me), 

2,5Me2T; 4.96 (s, Cp); 7.59-7.32 (m, PPh3). 13c{ iR) NMR 5 148.71 (d, 3jcp = 0.9 Hz), 

129.33 (s) and 14.81 (s, Me), 2,5-Me2T; 88.14 (d, 2Jcp = 1.5 Hz, Cp); 200.17 (d, 2jcp = 
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19.5 Hz, CO): 133.4-129.7 (PPh3). IR D(CO) 1996 cm'l (s). FAB: m/e 569.0 (M+), 

456.9 (M+-2,5-Me2T). Anal. Calcd. for C30H28BF4OPRUS: C, 54.97; H, 4.31. Found; 

C, 55.00; H, 4.23. 

[Cp(CO)(PPh3)Ru(Me4T)]BF4 (5): NMR ô 1.97 (s, Me) and 1.93 (s, Me), 

Me4T; 4.93 (s, Cp); 7.56-7.30 (m, PPhs). 13c{1h) NMR ô 139.28 (s), 137.45 (d, 3Jcp = 

1.5 Hz), 13.78 (s, Me) and 12.60 (s. Me), Me4T; 88.13 (d, 2Jcp = 1.5 Hz, Cp); 201.60 (d, 

2jcp = 20.1 Hz, CO); 133.4-129.6 (PPh3). IR u(CO) 1992 cm'l (s). 

[Cp(CO)(PPh3)Ru(BT)]BF4 (6): ^H NMR ô 7.86 (m, IH), 7.73 (m, IH), 7.41 (d, 

J = 5.7 Hz, IH), 6.40 (d, J = 5.7 Hz, IH) BT; 7.61-7.34 (m, PPhs); 4.84 (s, Cp). 

13C{1H) NMR 6 146.10 (d, 3Jcp = 3.4 Hz), 139.53 (s), 132.45 (d, 3jcp = 1.0 Hz), 

131.15 (s), 128.88 (s), 127.81 (s), 126.48 (s) and 124.05 (s), BT; 88.68 (d, 2jcp = 1.5 

Hz, Cp); 200.76 (d, 2Jcp = 18.6 Hz, CO); 133.4-129.7 (PPh3). IR D(CO) 1994 cm'l (s). 

Anal. Calcd. for C32H26BF4OPRUS: C, 56.73; H, 3.87. Found: C, 57.14; H, 3.91. 

[Cp(CO)(PPh3)Ru(DBT)]BF4 (7): ^H NMR 8 8.11 (d, J = 7.5 Hz, IH) and 7.67-

7.28 (m, 22 H) DBT and PPhg; 4.76 (s, Cp). l3c{lH) NMR ô 142.15 (d, 3Jcp = 2.19 

Hz), 136.61 (s), 129.47 (s), 129.39 (s), 124.77 (s) and 123.44 (s), DBT; 88.96 (d, 2Jcp = 

1.5 Hz, Cp); 200.95 (d, 2jcp = 19.23 Hz, CO); 133.38-129.76 (PPh3). IR D(CO) 1993 

cm-1 (s). FAB: m/e 641.0 (M+), 457.0 (M+-DBT). Anal. Calcd. for 

C36H28BF40PRuS«0.8CH2Cl2: C, 55.56; H, 3.75. Found: C, 55.82; H, 3.91. The 

solvating CH2CI2 was identified in ^H NMR spectra of 7 in CD2CI2 solvent. 

Preparation of [Cp(CO)(PPh3)Ru(THT)]BF4 (8) 

Solid AgBF4 (40.1 mg, 0.206 mmol) was added to a solution of Cp(C0)(PPh3)RuCl 

(59.2 mg, 0.120 mmol) in 20 mL of CH2CI2. The resulting solution was stirred for 5 min 

during which time the solution turned cloudy. Tetrahydrothiophene, THT (55 ml, 0.62 
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mmol) was added, and the mixture was stirred for 30 min. The reaction was worked up as 

for complexes 1-7 to give 8 as a light green powder (40.1 mg, 52.8% yield). NMR 5 

2.73 (m) and 2.00 (m), THT; 5.18 (s, Cp); 7.54-7.30 (m, PPhg). IR \)(C0) 1984 cm-l(s). 

Anal. Calcd. for C28H28BF40PRuS'0.54 CH2CI2: C, 50.60; H, 4.33. Found: C, 50.98; 

H, 4.58. The solvating CH2CI2 was identified in NMR spectra of 8 in CD2CI2 solvent. 

X-ray Diffraction Study of [Cp(CO)(PPh3)Ru(2-MeT)]BF4 (2) 

A single crystal of 2 suitable for an x-ray diffraction study was obtained by slow 

evaporation of a CD2CI2 solution under nitrogen at room temperature and mounted on a glass 

fiber. Data collection and reduction information are given in Table I. The cell constants were 

determined from a list of reflections found by an automated search routine. Lorentz and 

polarization corrections were applied. A correction based on a decay in the standard 

reflections of 0.2% was applied to the data. An absorption correction based on a series of 

psi-scans was applied. The agreement factor for the averaging of observed reflections was 

I.7% based on F. The positions of the Ru, S and P atoms were determined from a Patterson 

map.22 All remaining non-hydrogen atoms were found in one successive Fourier map. All 

non-hydrogen atoms were refined with anisotropic thermal parameters. After the least-

squares converged, all hydrogen atoms were placed at calculated positions, 0.95 Â from the 

attached atom with isotropic temperature factors set equal to 1.3 times the isotropic equivalent 

of that atom. The hydrogen atom positions were not refined in the final least-squares cycle. 

Bond distances, angles, and atomic positional parameters for 2 are given in Tables Il-in. An 

ORTEP drawing of the cation in 2 is shown in Fig. 1. 
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Table I. Crystal and Data Collection Parameters for 

[Cp(CO)(PPh3)Ru(2-MeT)]BF4 (2) 

Formula 

Formula weight 

Space Group 

a, Â 

b, Â 

c, A 

a, deg 

P, deg 

Y, deg 

V , Â 3  

Z 

dcfl/c. g/cm3 

Crystal size, mm 

li(MoKoc), cm-l 

Data collection instrument 

Radiation (monochromated in incident beam) 

Orientation reflections, 

number, range (20) 

Temperature, °C 

Scan method 

[RuPSOC29H26]+[BF4]-

646.47 

PÏ 

9.441(1) 

10.4858(6) 

14.281(2) 

87.690(8) 

82.14(1) 

89.01(1) 

1399.(3) 

2 

1.534 

0 .12x0 .10x0 .10  

7.2 

Enraf-Nonius CAD4 

MoKa(X = 0.71073 Â) 

25, 18.2 <0 <35.2 

22.0(10) 

0-20 
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Table I (continued) 

Data col. range, 20, deg. 4.0-55.0 

No. data collected: 6427 

No. unique data, total: 5065 

with Fo>3a(Fo): 4218 

Number of parameters refined 343 

Trans, factors, max., min. (\|/-scans) 0.999, 0.949 

Rfl 0.038 

RJ 0.045 

Quality-of-fit indicator^ 1.11 

Largest shift/esd, final cycle 0.00 

Largest peak, e/Â^ 0.70(5) 

a R = ZIIFol-IFcll/SIFol 

b R^ = [Ew(IFoI-IFCI)2/5:W1F^,|2]1/2; w = l/a^dFJ) 

Quality-of-fit = [Zw(IFol-IFcl)2/(N<,èj - ^parameters)]^^ 
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Figure 1. ORTEP drawing of the cation in [Cp(CO)(PPh3)Ru(2-MeT)]BF4 
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Table II. Bond Distances (Â)« and Angles (deg)a for 

[Cp(CO)(PPh3)Ru(2.MeT)]BF4 (2) 

Atom Distance Atom Distance 

Ru-S 2.392(1) S-C(2) 1.753(5) 

Ru-C(6) 1.869(4) S-C(5) 1.756(5) 

Ru-P 2.332(1) C(l)-C(2) 1.489(7) 

Ru-C(41) 2.196(4) C(2)-C(3) 1.350(7) 

Ru-C(42) 2.204(4) C(3)-C(4) 1.417(8) 

Ru-C(43) 2.222(4) C(4)-C(5) 1.329(7) 

Ru-C(44) 2.241(4) C(6)-0(6) 1.143(5) 

Ru-C(45) 2.238(4) 

Atom Angle Atom Angle 

S-Ru-C(6) 95.2(1) C(2)-S-C(5) 92.3(2) 

S-Ru-P 91.67(4) S-C(2)-C(l) 120.6(4) 

C(6)-Ru-P 91.1(1) S-C(2)-C(3) 109.2(4) 

Ru-S-C(2) 108.8(2) S-C(5)-C(4) 109.4(4) 

Ru-S-C(5) 110.6(2) Ru-C(6)-0(6) 173.3(4) 

Ru-S-Mid Pt 119.11(6) 

û Numbers in parentheses are estimated standard deviations in the least significant digits. 
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Table III. Positional Parameters for [Cp(CO)(PPh3)Ru(2-MeT)]BF4 (2) 

Atom X y z B(A2)a 

Ru 0.19915(3) 0.77508(3) 0.15332(2) 2.938(6) 

S 0.0757(1) 0.6348(1) 0.06499(8) 3.86(2) 

C(l) 0.2897(7) 0.6204(6) -0.0926(4) 7.0(2) 

C(2) 0.1402(6) 0.6574(4) -0.0555(3) 4.7(1) 

C(3) 0.0343(7) 0.7062(5) -0.1013(4) 6.0(1) 

C(4) -0.0961(6) 0.7273(5) -0.0418(4) 6.2(1) 

C(5) -0.0932(5) 0.6984(5) 0.0494(4) 5.1(1) 

C(6) 0.3735(5) 0.6866(4) 0.1339(3) 4.2(1) 

0(6) 0.4863(4) 0.6438(4) 0.1198(3) 6.9(1) 

P 0.1304(1) 0.6567(1) 0.29341(7) 3.01(2) 

C(ll) 0.2255(4) 0.5066(4) 0.3118(3) 3.33(8) 

C(12) 0.2630(5) 0.4271(4) 0.2368(3) 4.3(1) 

C(13) 0.3328(6) 0.3115(5) 0.2499(4) 5.2(1) 

C(14) 0.3641(6) 0.2741(5) 0.3392(4) 5.3(1) 

C(15) 0.3257(5) 0.3514(5) 0.4137(4) 4.9(1) 

C(16) 0.2567(5) 0.4668(5) 0.4005(3) 4.2(1) 

C(21) 0.1522(5) 0.7465(4) 0.3969(3) 3.61(9) 

C(22) 0.0404(6) 0.7689(5) 0.4687(3) 4.9(1) 

C(23) 0.0632(8) 0.8403(6) 0.5451(4) 6.8(2) 

C(24) 0.1960(8) 0.8899(6) 0.5499(4) 7.3(2) 
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Table III (continued) 

Atom X Y. Z B(Â2)A 

C(26) 0.2872(5) 0.7961(5) 0.4025(4) 5.2(1) 

C(31) -0.0571(4) 0.6095(4) 0.3114(3) 3.33(8) 

C(32) -0.1610(5) 0.7022(5) 0.2988(4) 4.5(1) 

C(33) -0.3049(5) 0.6688(5) 0.3086(4) 5.3(1) 

C(34) -0.3441(5) 0.5458(6) 0.3318(4) 5.4(1) 

C(35) -0.2432(5) 0.4538(5) 0.3445(4) 5.1(1) 

C(36) -0.0991(5) 0.4852(4) 0.3341(3) 4.1(1) 

C(41) 0.2642(5) 0.9623(4) 0.1950(4) 5.0(1) 

C(42) 0.3048(5) 0.9529(5) 0.0962(4) 5.6(1) 

C(43) 0.18,14(6) 0.9417(4) 0.0542(4) 5.4(1) 

C(44) 0.0619(5) 0.9456(4) 0.1268(4) 4.7(1) 

C(45) 0.1136(5) 0.9603(4) 0.2115(4) 4.8(1) 

B 0.6466(6) 1.0167(6) 0.2117(5) 5.4(1) 

F(l) 0.5622(4) 0.9823(4) 0.2933(3) 7.7(1) 

F(2) 0.7737(4) 1.0545(6) 0.2271(3) 12.4(2) 

F(3) 0.6729(5) 0.9114(4) 0.1568(3) 10.4(1) 

F(4) 0.5774(4) 1.1006(4) 0.1588(3) 8.8(1) 

^ Anisotropically refined atoms are given in the form of the isotropic equivalent 

displacement parameter defined as: (4/3)[a^B(l,l) + b^B(2,2) + c^B(3,3) + ab(cos 

Y)B(1,2) + ac(cos P)B(1,3) + bc(cos a)B(2,3)]. 
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Exchange Reactions. Equilibrium constants (K) for the displacement (eq 4) of 

one thiophene (Th) by another (Th') were determined by integration of NMR signals of 

the reactants and products. About 0.020 mmol of a [Cp(CO)(PPh3)Ru(Th)]BF4 complex 

was placed in an NMR tube, dissolved in 0.5 mL of CD2CI2 under nitrogen and mixed with 

an equimolar amount of a different thiophene (Th'). The solution was frozen in liquid 

nitrogen, and the tube was flame sealed under vacuum. The solution was thawed, and the 

tube was kept in a 25.0°C temperature bath. Spectra of the solution were recorded on a 

Varian VX-300 NMR spectrometer thermostated at 25.0°C using CD2CI2 as the internal lock 

and reference (d 5.32). A 38 sec pulse delay between scans allowed all protons to relax. 

The NMR spectra were followed with time to establish that all of the reactions reached 

equilibrium; this occurred within 24 h. 

The equilibrium constants, K, for eq (4) were calculated using eq 5 where I'cp and 

K 
Cp(CO)(PPh 3)Ru(Th) ^ + Th' , Cp(CO)(PPh 3)Ru(Th')+ + Th (4) 

25.OPC 

K = 
[Cp(CO)(PPh 3 )Ru(Th')1[Th] 

[Cp(CO)(PPh 3)Ru(Th)'*'][Th'] 
(5) 

Icp are the Cp peak integrals of Cp(C0)(PPh3)Ru(Th')+ and Cp(C0)(PPh3)Ru(Th)+, 

respectively: Imc is the integral of the Me peak of Th' and x is 3 (for Th' = 2-MeT, 3-MeT, 

Mel) or 6 (for Th' = 2,5-Me2T, Me4T). The K values in Table IV are averages of two 
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independent determinations for most reactions. The error limits in Table IV are average 

deviations from the median value. The solutions were stable for at least 6 weeks. 

Table IV. Equilibrium Constants, K, for the Exchange Reactions (Eq 4) of 

Cp(C0)(PPh3)Ru(Th)+ with Th' in CD2CI2 at 25.0°C 

Reaction No. Th Th' K,25°C 

1 T 3-MeT 6.30 (8) 

2 T 2-MeT 4.11 

3 T 2,5-Me2T 2.76 (3) 

4 T Me4T 57.4(40) 

5 2-MeT 2,5-Me2T 0.658(8) 

6 2-MeT 3-MeT 1.46(2) 

7 3-MeT 2,5-Me2T 0.461 

8 Me^T 2,5-Me2T 0.0483 

9 BT 2,5-Me2T 0.0918 

10 BT Me4T 1.85 

11 DBT 2,5-Me2T 0.0375 

12 DBT Me4T 0.740(2) 

13 Me4T THT > 1.3 X 105 

14 BT NCMe > 1.3 X 105 

15 T Mel 2.0 
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RESULTS AND DISCUSSION 

Syntheses of the Cp(C0)(PPh3)Ru(Th)+ Complexes 1-7 and 

Cp(C0)(PPh3)Ru(THT)+ (8) 

TheTl'(5)"C00rdinated thiophene complexes 1-7 are synthesized by Ag+ abstraction 

of CI" from Cp(C0)(PPh3)RuCl in the presence of excess thiophene, benzothiophene or 

dibenzothiophene, giving air-stable compounds in good yields (eq 6). The air and thermal 

Cp(CO)(PPh 3)RuC1 + Th • Cp(CO)(PPh 3)Ru(Th) + + AgCl (6) 
CHgClg 

l:Th = T 5:Th = Me4T 
2; Th = 2-MeT 6: Th = BT 
3: Th = 3-MeT 7: Th = DBT 
4: Th = 2,5-Me gT 8: Th = THT 

stability of these complexes in solution and as solids is quite remarkable since the 

corresponding bis-phosphine complex, Cp(PPh3)2Ru(T|l(5)-T)+,lO loses its phosphine 

ligands and converts to the "n^-T complex CpRu(Ti5-T)+. This stability is most likely due to 

the smaller CO ligand which reduces the steric bulk around the metal and makes the metal a 

better Lewis acid toward the electron-donor S-atom of the thiophene. The alkyl and aryl 

iodide complexes, Cp(CO)(PPh3)Ru(I-R)+ (where R= alkyl or aryl), also seem to be more 

stable than their bis-phosphine and dicarbonyl counterparts.^ 

In the IR spectra of complexes 1-7, the v(CO) band is about 35 cm ^ higher than that 

in Cp(C0)(PPh3)RuCl. In the NMR spectra of these compounds, the thiophene 

resonances are shifted slightly (0.04 - 0.4 ppm) upfield from those of the free thiophene; this 

trend was also observed for Cp(C0)2Re(ii ̂ (5')-Th), ̂  but it is opposite that for 

Cp(C0)2Fe(T| 1 (^)-Th)+,7b in which these resonances are shifted slightly downfield of the 
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free thiophene. If the thiophene ligands were bound through one of the double bonds, one 

would expect the proton resonances of the coordinated carbons to shift much farther upfield, 

as in complexes with Tj^-coordinated olefins,25b,c Ti2-selenophene25a,d ^^d ri^-thiophene^ô. 

In complexes 1,4 and 5, the thiophene exhibits only two 'H NMR absorptions at room 

temperature, indicating the existence of a dynamic process which equilibrates the 2 and 5 

positions and the 3 and 4 positions. Low temperature (198 K) spectra of 4 and 5 in CD2CI2 

show two separate signals for the diastereotopic a-methyl groups (in 4 at 5 2.39 and 1.52 

ppm and in S at S 2.23 and 1.44 ppm) due to the slowing of the stereochemical inversion at 

the sulfur. The free energy of activation (AG'') calculated^? for this process at the 

coalescence temperature (213 K) in CD2CI2 is 40 kJ/moL. A similar AG* of inversion (39 

kJ/mol at 190 K) was obtained by Goodrich et. al. 7b for Cp(CO)2Fe(ri^(5)-BT)+. 

In the 13c NMR spectra of complexes 1-7, the thiophene signals are slightly 

downfield (5-12 ppm) from those of the free thiophene. Similar small shifts were observed 

in Cp(CO)2Fe(Til(5)-Th)+ (where Th = T, BT and DBT)7b and Cp(CO)2Re(ril(5)-Th).llb 

The a-C signal, but not the p-C, of each compound is split into a doublet by coupling to the 

phosphorus (3JcP= 0.9 - 3.7 Hz); this supports the r|l(5)-mode of thiophene coordination in 

these complexes, which is confirmed by an X-ray structure analysis of 2. 

The synthesis of 8 is a slight modification of that for Cp(C0)(PPh3)Ru(Th)+. For 

the more strongly binding tetrahydrothiophene (THT), the Ag+ is added to the 

Cp(C0)(PPh3)RuCl solution prior to the addition of THT in order to prevent reaction 

between Ag+ and THT. The 'U(CO) value (1984 cm-l) of 8 is slightly lower than those 

(1999-1992 cm-l) of compounds 1-7. The ^H NMR spectrum shows two broadened 

multiplets (6 2.73, 2.00 ppm) for THT that are shifted upfield from the free ligand (Ô 3.23, 

2.13 ppm). 
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Structure of [Cp(CO)(PPh3)Ru(2-MeT)]BF4 (2) 

The cation of 2 is shown in Figure 1. It contains a planar thiophene ring (± 0.005 Â 

for each C and ± 0.001 Â for S) bound to the Ru atom through a pyramidal S atom. The Ru-

S distance (Table II) of 2.392(1)Â is similar to that in the thienyl complex 

(PPh3)2Ru(C5H4CH2C4H3S)+ (2.408(1)Â) 10 but is longer than the corresponding distances 

found in Cp(PMe3)2Ru(2,5-DHT)+ (2.330(1)Â)28 (where 2,5-DHT is 

2,5-dihydrothiophene), and Cp(PPh3)2Ru(n-PrSH)+ (2.377(2)Â);29 this longer Ru-S bond 

in 2 perhaps reflects weaker bonding to thiophene than to DHT or n-PrSH. The coordinated 

thiophene in 2 is distorted from its uncoordinated geometry. The C2-S and C5-S bonds of 

1.753(5) and 1.756(5)Â are slightly longer than the 1.714(1)Â in free thiophene,30 but very 

similar to those in (PPh3)2Ru(C5H4CH2C4H3S)+ " (1.754(6) and 1.736(6)Â); although the 

error limits are larger in Cp(C0)2Re(ii ̂ (.S)-T),^ ^^ the C-S distances (1.72(1) and 1.73(1)Â) 

are similar. The C2-C3 (1.350(7)Â), C3-C4 (1.417(8)Â) and C4-C5 (1.329(7)Â) distances 

in 2 are all slightly shorter than the corresponding distances in free thiophene (1.370(2), 

1.424(2) and 1.370(2)Â), but the short-long-short pattern is the same. This same pattern 

(1.344(8), 1.409(8), 1.339(8)Â) 10 was also observed in (PPh3)2Ru(C5H4CH2C4H3S)+, 

another structure with small standard deviations for its bond distances. However, in 

structures where the standard deviations are larger, this pattern is not always observed.^ The 

C2-S-C5 angle of 92.3(2)° is the same as in the free ligand (92.2(1)°). The Ru-S-Midpt 

(where Midpt is the midpoint of the C2-C5 vector) angle is 119.11(6)° indicating the 

pyramidal nature of the thiophene. The sum of the angles around the S is 311.7°, which is 

much less than the 360° required for a trigonal planar S atom. The three other structurally 

characterized T|l(S) thiophene complexes also contain a pyramidal S atom (Table V); 

however, the geometry around the S as measured by the M-S-Midpt angle and sum of the 

angles around S does vary from one complex to another. 
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Table V. Structural Data on Til(5)-Thiophene Complexes. 

Complex M-S-Midpt Angle Sum of Angles Around S 

Cp(C0)(PPh3)Ru(T)+ 119.11(6) 311.7 

Cp*(C0)2Re(T)a 

Cp(CO)Fe(DBT)+b 

Cp(Cl)2lr(DBT)c 128.0 

119.4(2) 

140.4 

317.9 

309.8 

333.6 

® ref1 Ib 

b ref 7b 

c ref 17 

Equilibrium Studies 

The equilibrium constants, K, for the exchange reaction (eq 4) were calculated 

according to eq 5 and are shown in Table IV. At least three NMR spectra of each reaction 

were taken over a period of 28 days. During this time, the solution color did not change, nor 

did any new peaks appear in the NMR spectra to indicate that the compounds were 

decomposing. Equilibrium constants were also obtained for reactions 1, 2, 3, 5, 6, 9, and 11 

(Table FV) at 15 and 35.0°C but the values were found to be within experimental error of 

those at 25°C. Thus, the AH values for these exchange reactions are small (less than 1 

kcal/mol). 

In order to put the K values in Table IV on the same scale, equilibrium constants (K', 

Table VI) for the displacement (eq 3) of T from Cp(C0)(PPh3)Ru(T)+ by the methyl-

substituted thiophenes, BT and DBT were calculated from the K values. The results in Table 
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V allow the K' values to be calculated independently from different data sets. For example, 

the K (4.11) for reaction 2 multiplied by the K (0.658) for reaction 5 gives a K' value of 2.70 

for the displacement of T with 2,5-Me2T. The K value for this reaction measured directly 

(reaction 3) is 2.76. All the values calculated in this manner are in extremely good agreement 

(within 5%), ensuring the validity of each experimental K value. 

The K' values (Table VI) give the following trend in binding abilities of the 

thiophenes: T < 2,5-Me2T < 2-MeT < 3-MeT < BT < Me4T < DBT. 

This is the same trend as that obtained in a kinetic study of thiophene substitution by PPhg 

(eq 2), with the exception that the 2,5-Me2T, 2-MeT, 3-MeT order is reversed; as discussed 

below, this reversal appears to be due to repulsion between 2-methyl groups in the thiophene 

and the bulky PPh] ligand in the Cp(C0)(PPh3)Ru(Th)+ complexes. In both the equilibrium 

studies (eq 3) and the kinetic studies (eq 2), all of the methyl-substituted thiophenes bind 

more strongly than thiophene itself; presumably the electron-donating methyl groups make 

the thiophene sulfur a stronger donor ligand. In the Cp(CO)2Re(Ti'(5)-Th) kinetic studies 2-

MeT dissociates more slowly than 3-MeT; this is in contrast to the equilibrium studies where 

3-MeT binds more strongly than the sterically involved 2-MeT. The addition of another a-

methyl group to 2-MeT to give 2,5-Me2T reduces the K' value still further, from 4.11 to 

2.76; on the contrary, the dissociation of 2,5-Me2T is 13 times slower than that of 2-MeT in 

Cp(C0)2Re(T| l(S)-2,5-Me2T). 15 This difference is also most likely due to a steric interaction 

between the thiophene Me's and the phenyl groups of the phosphine ligand in 4. In the 

structure of 2 (Fig. 1), the Me group of 2-MeT is oriented toward the carbonyl ligand and 

away from the bulky phosphine. A computer generated model of Cp(C0)(PPh3)Ru(T| ̂ 5)-

2,5-Me2T)+ (4) using the structural data of 2 shows that it is impossible to add the 5-Me 

group because it interferes with a Ph group of the PPhg; therefore the 2,5-Me2T ligand must 

adopt a different orientation in 4 than 2-MeT does in 2. The addition of 2 more Me groups in 
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Table VI. Relative Equilibrium Constants, K', for the Reactions of 

Cp(C0)(PPh3)Ru(T)+ with Th' (Eq 3) in CD2CI2 at 25.0°C 

Th iÇ 

T 1.00 

Mel 2.0 

2,5-Me2T 2.76(3) 

2-MeT 4.11 

3-MeT 6.30(8) 

Me4T 57.4(40) 

BT 29.9(1) 

DBT 74.1(10) 

THT >7.1x106 

NCMe >7.1x106 

the 3 and 4 positions to give Me^T strengthens the M-S bond (K' = 57.4) as expected. Thus, 

except for specific steric interactions, the binding of thiophenes in Cp(C0)(PPh3)Ru(Th)+ is 

enhanced by electron-donating methyl groups in the thiophene ring. 

With a K' value of 29.9, BT is a weaker ligand than Me4T, but DBT is the most 

strongly bound (K' = 74.1) of all of the thiophene ligands that were studied. 

Despite the stability of complexes 1-7, the thiophenes are still very weakly bound. 

Other more strongly coordinating ligands, such as tetrahydrothiophene (THT) and NCMe, 

completely displace the thiophene ligands. The exchange equilibrium where Th = Me4T and 
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Th' = THT was studied in both directions. There was no change in the NMR spectrum 

during one v/eek when 8 was mixed with equimolar Me4T; on the other hand, there was 

complete displacement of Me^T by THT within 24 h when 5 was reacted with THT. 

Likewise, BT is completely displaced from 6 by equimolar NCMe within the same time 

period. Based on the sensitivity of the ^H NMR instrument used in the equilibrium studies, 

we estimate that K is greater than 1.3 x lO^ for these reactions (reactions 13 and 14, Table 

V), which means that K' is greater than 7.1 x 10^. Thus, THT and NCMe are much more 

strongly coordinating ligands than any of the thiophenes. 

Methyl iodide, a weakly binding ligand, is known to form stable complexes with the 

Cp(C0)(PPh3)Ru+ fragment.^ A study of the reaction of 1 with equimolar Mel conducted 

under the same conditions as the thiophene reactions, after 24 h, gives an equilibrium 

constant of 2.0 according to eq 5. This value, however, is less accurate than the others since 

a small amount of decomposition of Cp(C0)(PPh3)Ru(MeI)+ to other Cp-containing 

products occurs with the liberation of free Mel.24 Thus, the equilibrium constant (Table VI) 

for Mel is between those of T and 2,5-Me2T. The weak r|l(5)-coordinating ability of 

thiophene is demonstrated by its K' value (1.00), which is even less than that (2.0) of Mel 

toward Cp(C0)(PPh3)Ru+. 

Relevance To Thiophene Adsorption On HDS Catalysts 

In an effort to gain insight into the nature of the adsorption of thiophene on HDS 

catalysts, we have measured equilibrium constants for the binding of methyl-substituted 

thiophenes as Ti^-ligands^ in CpRu(T|5-Th)+ (eq 1) and as T|l(5')-ligands in 

Cp(CO)(PPh3)Ru(Ti'(5)-Th)+ in the present study (eq 3). Relative equilibrium constants, 

K', for T|^- and T|l(5')-coordination are compared in Table VII with relative adsorption 

coefficients (Krei) for thiophenes^ on a sulfided C0-M0/AI2O3 HDS catalyst at 350 °C.3l It is 
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clear from the Table that the trend (T < 2-Me < 3-Me < 2,5-Me2T) in equilibrium constants 

for adsorption (Krei) and TjS-coordination (K') in CpRu(T|5-Th)+ is the same. It was this 

comparison and several reactivity studies'* of T|5-Th complexes 

that led us to propose T|5-Th adsorption as a mode of thiophene activation that leads to 

thiophene HDS by two possible mechanisms.'*^'32.33 Taken together, these results offer the 

most complete explanation for thiophene adsorption and its HDS. 

On the other hand, the data in Table VII also offer some support for 71^(8) adsorption 

since K' for reaction 3 increases with the number of methyl groups in the thiophene. This 

trend in K' does not entirely parallel Krei values (Table VII), but as noted above, the bulky 

PPhg group sterically weakens the bonding of thiophenes with Me groups in the 2- and 5-

positions. Without the bulky PPhg group, the trend in K' values for eq 3 would probably be 

similar to that of Krei. This statement is supported by the rate constants ki in Table VII for 

the dissociation of thiophenes from Cp(C0)2Re(T| 1 (^-Th) according to eq 2. Here there is 

no steric effect, and the 2,5-Me2T is the slowest to dissociate indicating that it is likely to be 

the most strongly coordinated, as is observed (Krei) on the catalyst. Thus, the general 

increase in both Krd and K' (for eq 3) with an increasing number of methyl groups is 

consistent with 'n^(5')-binding on the catalyst. The observed slight lengthening (0.04 Â) of 

the C-S bond upon T|'(5)-coordination of thiophene in Cp(CO)(PPh3)Ru(T|l(5)-2-MeT)+ 

suggests that this mode of coordination could activate the thiophene to undergo C-S cleavage. 

Recent evidence^^ for such an activation is the insertion of Rh into a C-S bond in the 

proposed intermediate Cp*(PMe3)Rh(T| ̂  (S)-Th). Thus, Ti^(S)-thiophene adsorption and 

activation on HDS catalysts is a possibility. It is, of course, possible that the mode of 

coordination and activation depend on the catalyst and even on the reaction conditions. 
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Table VII. Equilibrium Constants for the Binding of Methyl-Substituted 

Thiophenes on a C0-M0/AI2O3 Catalyst, in CpRu(T|5.Th)+ and 

Cp(CO)(PPh3)Ru(Tii(5)-Th)+, as well as Rates of Dissociation 

from Cp(C0)2Re(iil(S)-Th). 

Th W EÏ K'C 107ki.ds-l 

T 1.0 1 1.0 3000 

2-MeT 1.6 6 4.1 91 

3-MeT 1.7 7 6.3 1200 

2,5-Me2T 2.5 35 2.8 13 

^ For adsorption on a sulfided C0-M0/AI2O3 catalyst at 350 °C. Reference 2. 

b For T|5-Th coordination in CpRu(T|5-Th)+ at 50.0 °C in acetone-d^ according to eq 1. 

Reference 3. 

c For Til(5)-Th coordination in Cp(C0)(PPh3)(T|l(5')-Th)+ in CD2CI2 at 25.0° according to 

eq 3. This work. 

^ Rate constant (ki) for the dissociation of Th from Cp(C0)2Re(Ti 1(5)-Th) in CeDg at 80.0 

°C according to eq 2. Reference 15. 

Acknowledgment 

We are grateful to Dr. Victor G. Young, Jr. of the Iowa State University Molecular 

Structure Laboratory for determining the structure of 2 and to Johnson Matthey, Inc. for a 

generous loan of RuClg. 



www.manaraa.com

48 

REFERENCES 

(1) Ames Laboratory is operated for the U.S. Department of Energy by Iowa State 

University under Contract No. W-7405-Eng-82. This research was supported by the 

Office of Basic Energy Sciences, Chemical Sciences Division. 

(2) Zdrazil, M. Collect. Czech. Chem. Commun. 1911,42, 1484. 

(3) Hachgenei, J. W.; Angelici, R. J. Organometallics 1989, 8, 14. 

(4) (a) Angelici, R. J. Acc. Chem. Res. 1988,21, 387. 

(b) Sauer, N. N.; Angelici, R. J. Organometallics 1987, 6, 1146. 

(c) Lesch, D. A.; Richardson, J. W.; Jacobson, R. A.; Angelici, R. J. J. Am. 

Chem. Soc. 1984,106, 2901. 

(d) Hachgenei, J. W.; Angelici, R. J. J. Organomet. Chem. 1988, 355, 359. 

(e) Rauchfuss, T. B. Prog. Inorg. Chem., in press. 

(f) Chen, J.; Daniels, L. M.; Angelici, R. J. J. Am. Chem. Soc. 1990,112, 199. 

(5) Angelici, R. J. Coord. Chem. Rev. 1990,105, 61. 

(6) Kuehn, C. G.; Taube, H. J. Am. Chem. Soc. 1976, 98, 689. 

(7) (a) Kuhn, N.; Schumann, H. /. Organomet. Chem. 1984,276, 55. 

(b) Goodrich, J. D.; Nickias, P. N.; Selegue, J. P. Inorg. Chem. 1987, 26, 3424. 

(8) Catheline, D.; Astruc, D. J. Organomet. Chem. 1984,272, 417. 

(9) Wasserman, H. J.; Kubas, G. J.; Ryan, R. R. J. Amer. Chem. Soc. 1986,108, 

2294. 

(10) Draganjac, M.; Ruffing, C. J.; Rauchfuss, T. B. Organometallics 1985,4, 1909. 

(11) (a) Choi, M.-G.; Angclici, R. S. J. Amer. Chem. Soc. 19S9,111, S753. 

(b) Choi, M.-G.; Angelici, R. J. Organometallics, 1991,10, 2436. 



www.manaraa.com

49 

(12) (a) Lucas, C. R.; Liu, S.; Newlands, M. J.; Gabe, E. J. Can. J. Chem. 1990, 68, 

1357. 

(b) Lucas, C. R.; Liu, S.; Newlands, M. J.; Charland, J.-P.; Gabe, E. J. Can. J. 

Chem. 1989, 67, 639. 

(c) Liu, S.; Lucas, C. R.; Newlands, M. J.; Charland, J.-P. Inorg. Chem. 1990, 

29, 4380. 

(13) Constable, E. C.; Henney, R. P. G.; Tocher, D. A. J. Chem. Soc., Chem. 

Commun. 1989, 913. 

(14) Guerchais, V.; Astruc, D. J. Organomet. Chem. 1986,326, 335. 

(15) Choi, M.-G.; Angelici, R. J. Inorg. Chem. 1991, iO, 1417. 

(16) Bucknor, S. M.; Draganjac, M.; Rauchfuss, T. B.; Ruffing, C. J.; Fultz, W. C; 

Rheingold, A. L. J. Amer. Chem. Soc. 1984,106, 5379. 

(17) Rao, K. M.; Day, C. L.; Jacobson, R. A.; Angelici, R. J. Inorg. Chem., accepted for 

publication. 

(18) (a) Experimental Organometallic Chemistry, Wayda, A. L.; Darensbourg, M. Y. 

Ed.: ACS Symposium Series 357; American Chemical Society: Washington, 

D.C., 1987. 

(b) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air Sensitive 

Compounds, 2nd ed.; Wiley: New York, 1986. 

(19) Davies, S. G.; Simpson, S. J. J. Chem. Soc., Dalton Trans. 1984, 993. 

(20) Spies, G. H.; Angelici, R. J. Organometallics 1987, 6, 1897. 

(21) Janda, M.; Srogl, J.; Stibor, I.; Nemec, M.; Vopatm^, P. Synthesis 1972, 545. 



www.manaraa.com

50 

(22) (a) SHELXS-86, G. M. Sheldrick, Institut fiir Anorganische Chemie der 

Universitat, Gôttingen, F. R. G. 

(b) Enraf-Nonius Structure Determination Package; Enraf-Nonius; Delft, Holland. 

Neutral-atom scattering factors and anomalous scattering corrections were taken 

from International Tables for X-ray Crystallography, The Kynoch Press: 

Birmingham, England, 1974, Vol IV. 

(23) Ti values determined for Cp(CO)(PPh3)Ru(Me4T)+ follow: Cp, Ti = 5.0 ± 0.2 s; 

Ph, Ti = 2.6 ± 0.2 s; 3,4 Me's, 1.4 ± .1 s; 2,5 Me's, 1.5 ± 0.02. 

(24) Kulawiec, R. J.; Faller, J. W.; Crabtree, R. H. Organometallics 1990, 9, 745. 

(25) (a) Choi, M.-G.; Angelici, R. J. y. Am. C/iem. Soc. 1990,//2, 7811. 

(b) Burns, C. J.; Andersen, R. A. J. Am. Chem. Soc. 1987,109, 915. 

(c) Harman, W. D.; Schaefer, W. P.; Taube, H. J. Am. Chem. Soc. 1990,112, 

2682. 

(d) Choi, M.-G.; Angelici, R. J. J. Am. Chem. Soc. 1991,113, 5651. 

(26) Cordone, R.; Harman, W. D.; Taube, H. J. Am. Chem. Soc. 1989, 111, 5969. 

(27) Sandstrom, J. Dynamic NMR Spectroscopy, Academic Press: New York, 1982, 

96. 

(28) Choi, M.-G.; Angelici, R. J. Inorg. Chem., in press. 

(29) Amarasekera, J.; Rauchfuss, T. B. Inorg. Chem. 1989,28, 3875. 

(30) (a) Bak, B.; Christensen, D.; Hansen-Nygaard, L.; Rastrup-Andersen, J. R. J. 

Mol. Spectrosc. 1961, 7, 58. 

(b) Bonham, R. A.; Momany, F. A. J. Phys. Chem. 1963, 67, 2474. 

(c) Harshbarger, W. R.; Bauer, S. H. Acta Chrystallogr. 1970, B26, 1010. 

(31) It should be noted that the adsorption sites on the catalyst are not necessarily the sites 

at which thiophene HDS occurs. 



www.manaraa.com

51 

(32) Sauer, N. N.; Markel, E. J.; Se brader, G. L.; Angelici, R. J. J. Catal. 1989,117, 

295. 

(33) Chen, J.; Daniels, L. M.; Angelici, R. J. J. Am. Chem. Soc. 1991,113, 2544. 

(34) Jones, W. D.; Dong, L. J. Am. Chem. Soc. 1991,113, 559. 



www.manaraa.com

52 

PAPER II. EQUILIBRIUM AND KINETIC STUDIES OF SULFUR-

COORDINATED THIOPHENES (Th) IN Cp(CO)2Ru(Til(5)-Th)+ 

AND Cp(C0)(PPh3)Ru(n K^)-Th)+: MODELS FOR THIOPHENE 

ADSORPTION ON HYDRODESULFURIZATION CATALYSTS.! 
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ABSTRACT 

A series of stable sulfur-bound thiophene complexes, Cp(CO)2Ru(T|l(5)-Th)+, 

where Cp = TI^-CSHS and Th = T, 2-MeT, 3-MeT, 2,5-Me2T, Me4T, BT and DBT, are 

synthesized from the reaction of Cp(C0)2RuCl with Ag+ and thiophenes. Equilibrium 

constants, K', for the displacement of thiophene (T) by methyl-substituted thiophenes and 

benzo[b]thiophene (BT), Cp(CO)2Ru(Til(5)-T)+ + Th Cp(CO)2Ru(Til(5)-Th)+ + T, 

increase with an increasing number of methyl groups in the thiophene: T(l.OO) < 2-MeT 

(3.30) < 3-MeT (4.76) < 2,5-Me2T (20.7) < BT (47.6) < Me4T (887). First order rate 

constants (lO^ki, s'l) for phosphine substitution of the thiophenes in Cp(CO)2Ru(Ti^(5)-

Th)+, Cp(C0)2Ru(T| 1 (j')-Th)+ + PRg —• Cp(CO)2Ru(PR3)+ + Th, by a dissociative 

mechanism decrease in the following order: 3-MeT (450) > 2-MeT (410) > BT (100) > 2,5-

Me2T (23). Rate constants for thiophene dissociation in the analogous 

Cp(CO)(PPh3)Ru('n^(5)-Th)+ complexes decrease as follows: T (1400) > 2-MeT (220) > 3-

MeT (170) > 2,5-Me2T (130) > BT (70) > DBT (17) > Me4T (5.8). In general, methyl 

groups on the thiophene (Th) increase K' and decrease ki which suggests that electron-

releasing methyl groups enhance thiophene binding to the metal. No steric effect is detected 

between a-methyl groups on Th and Cp(C0)2Ru(Ti'(S)-Th)+, as is seen in 

Cp(CO)(PPh3)Ru('nH5)-Th)+; trends in K' and ki follow those of thiophenes adsorbing to 

HDS catalysts. 
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INTRODUCTION 

Catalytic hydrodesulfurization (HDS) is an important industrial process^ for the 

removal of sulfur from petroleum feedstocks. A critical step in the mechanism(s) for the 

HDS of thiophene is its initial binding to a metal site on the catalyst surface. Organotransition 

metal complexes of thiophene (T) and its methyl-substituted [2-methylthiophene (2-MeT), 3-

methylthiophene (3-MeT), 2,5-dimethylthiophene (2,5-Me2T) and tetramethylthiophene 

(Me^T)] and benzo-substituted [benzo[b]thiophene (BT), dibenzothiophene (DBT)] 

derivatives provide models for possible modes^ of thiophene adsorption. Of these modes, 

the sulfur-bound thiophene (T|l(5)-T) is one of the least studied since the thiophene S atom 

is such a weak donor. Thus, in known T|l(^)-bound thiophene complexes, 

Cp(CO)2Fe(Th)+ (Cp = Tl^-CsHs, Th = T ,4 2,5-Me2T 5), (NH3)5Ru(T)2+,6 

Cp(MeCN)2Fe(2,5-Me2T)+,7 W(CO)3(PCy3)2(T),8 Cp'(C0)2Re(T) (Cp' =Ti5.C5H5or 

Tl^-CsMes ),9 Cp(CO)(PPh3)Ru(Th)+,10 (C5H4CH2C4H3S)Ru(PPh3)2+ " and 

[RU(HL)2C1][BF4] (HL = 6-(2-thienyl)-2,2'-bipyridine)^2^ the thiophene is easily displaced 

by other ligands (e.g. MeCN, C4H8S and PPhs). 

Two recent studies of organometallic complexes containing the Ti^(5)-bound 

thiophenes (Th) have examined the effect of methyl substitution on the ability of the 

thiophene ligand to coordinate to a metal center. Kinetic studies'3 of Th replacement in 

Cp(CO)2Re('nl(5)-Th) by PPh3 (eq 1) show that as the number of Me groups on the 

(1) 
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thiophene increases, the thiophene ligand binds more tightly to the Re. Thus, rate constants 

(10^ ki, s"l), which are determined by rate limiting dissociation of the thiophene, decrease in 

the order: T (3000) > 3-MeT (1200) > 2-MeT (91) > 2,5-Me2T (13) > Me4T (2.7) > DBT 

(1.6). This order is similar to that for the adsorption of thiophenes on a sulfided Co-

M0/AI2O3 heterogeneous catalyst at 350 °C as measured by tiieir relative adsorption 

coefficients 14, Krei: T (1.0) < 2-MeT (1.6) < 3-MeT (1.7) < 2,5-Me2T (2.5). In an 

equilibrium studyof T|l(5')-Th displacement from Cp(C0)(PPh3)Ru(T| * (5')-Th)+ (eq 2), 

however, the following trend in K' values is observed: T (1.0) < 2,5-Me2T (2.8) < 2-MeT 

(4.1) < 3-MeT (6.3). This order is the same as that for Krei on the sulfided C0-M0/AI2O3 

except for the position of 2,5-Me2T. The lower K' for 2,5-Me2T in reaction 2 probably 

results from steric repulsion between an a-methyl group on 2,5-Me2T and the bulky 

phosphine phenyl rings. ^0 

To further explore this steric effect, a new series of thiophene complexes, 

Cp(CO)2Ru(Til(5)-Th)+, (Th = T (1), 2-MeT (2), 3-MeT (3), 2,5-Me2T (4), Me4T (5), BT 

(6), DBT (7)), has been prepared. Here, a CO ligand replaces the bulky PPhg in the Ru 

coordination sphere, thereby greatly reducing steric effects of the 2- and 5-Me groups on Th. 

(2) 

Me, 
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Equilibrium constants for this new series of thiophene complexes are compared with those 

the previous study of Cp(CO)(PPh3)Ru(Til(5)-Th)+ (eq 2).10 Also, kinetic studies of 

thiophene substitution in Cp(CO)2Ru('nl(5)-Th)+and Cp(CO)(PPh3)Ru(Til(5)-Th)+ by 

phosphine ligands, PPhg, PPh2Me and PPhMea, are reported; factors that affect the 

mechanisms and rates of these reactions are discussed. 
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EXPERIMENTAL 

General Procedures 

All reactions were performed under a nitrogen atmosphere using standard Schlenk 

techniques ̂ 5, Solvents were dried prior to use: methylene chloride, hexanes and heptanes 

were distilled from CaH2 and diethyl ether from sodium/benzophenone. Hexanes, heptanes 

and methylene chloride were stored under nitrogen over molecular sieves. Neutral AI2O3, 

purchased from Aldrich, was deactivated with 5% deionized water after 24 h under vacuum. 

Deuterated solvents for NMR experiments were purchased from Cambridge and stored over 

molecular sieves in a desiccator. Thiophene was purified as previously described^^ Solid 

thiophenes, DBT and BT, were purchased from Aldrich and sublimed prior to use. Starting 

materials Ru3(C0)i2,i7 Me4T,l8 Cp(CO)2RuCl,i9 and Cp(CO)(PPh3)Ru(Tii(5)-Th)+ (Th = 

T, 2-MeT, 3-MeT, 2,5-Me2T, M64?, BT, DBT) 10 were prepared as previously described. 

Thiophene ligands 2-MeT, 3-MeT and 2,5-Me2T as well as AgBF4, PPhg, PPh2Me and 

PPhMe2, were purchased from Aldrich and used without further purification. 

Infrared spectra of the compounds in CH2CI2 were taken using a Nicolet 710 FT-IR 

spectrometer. Fast atom bombardment (FAB) mass spectra of compounds in a CH2CI2/3-

nitrobenzyl alcohol matrix were obtained using a Kratos MS-50 mass spectrometer. The 

and iH) NMR spectra were taken on either a Nicolet NT-300, Bruker WM-200 or 

Varian VXR-300 spectrometer using CD2CI2 as the solvent and the internal lock. Elemental 

analyses were performed by Galbraith Laboratories, Inc., Knoxville, TN. 
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Complexes (1-7) 

To a solution of Cp(C0)2RuCl (50.2 mg, 0.195 mmol) and 0.97 mmol of a Th in 20 

mL of CH2CI2 was added solid AgBF4 (49.1 mg, 0.252 mmol); the solution was stirred at 

room temperature for 1 h. A white precipitate formed immediately and the solution color 

lightened. After 1 h, the solution was filtered through Celite, and the volatiles were removed 

under vacuum (excess BT and DBT were removed with 3 - 5 mL diethyl ether washes). The 

residue was dissolved in 2 mL of CH2CI2 and precipitated with 10 mL of diethyl ether at -20 

°C giving light yellow compounds, 1 - 7, in 70 - 85% yields. 

Characterization of 1-7 

[Cp(CO)2Ru(T)]BF4 (1). IH NMR: 5 7.67 (m, 2 H) and 7.33 (m, 2 H) T; 5.73 (s, 

5 H) Cp. 13C{lH) NMR: Ô 138.3 (s) and 133.0 (s) T; 192.7 (s), CO; 89.7 (s), Cp. IR: 

D(CO) 2080, 2034 cm-1. 

[Cp(CO)2Ru(2-MeT)]BF4 (2). iH NMR: 5 7.45 (dd, J = 5.4, 0.9 Hz, 1 H), 7.10 

(m, 1 H), 6.99 (m, 1 H) and 2.45 (d, J = 1.2 Hz, 3 H), 2-MeT; 5.70 (s. 5 H) Cp. 13c{ iH} 

NMR: Ô 150.8 (s), 136.1 (s), 132.9 (s), 130.8 (s) and 14.3 (s), 2-MeT; 192.9 (s), CO; 89.8 

(s), Cp. IR: D(CO) 2080, 2033 cm-1. Anal, calcd. for C12H11BF4O2RUS: C, 35.40; H, 

2.72. Found C, 34.90; H, 2.52. 

[Cp(CO)2Ru(3-MeT)]BF4 (3). iH NMR; 6 7.56 (dd, J = 5.1, 2.7 Hz, 1 H), 7.13 

(m, 2 H) and 2.33 (d, J=1.2 Hz, 3 H), 3-MeT; 5.72 (s, 5 H) Cp. 13C{1H} NMR: ô 145.0 

(s), 138.1 (s), 136.3 (s), 130.9 (s), and 16.4 (s), 3-MeT; 192.9 (s), CO; 89.6 (s). Cp. IR: 

D(CO) 2079, 2033 cm-1. Anal, calcd. for C12H11BF4O2RUS: C, 35.40; H, 2.72. Found C, 

35.32; H, 2.69. 
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[Cp(CO)2Ru(2,5-Me2T)]BF4 (4). NMR: 5 6.77 (s, 2 H) and 2.38 (s, 6 H), 2,5-

Me2T; 5.61 (s, 5 H) Cp. 13c{1H) NMR: 5 148.2 (s), 130.5 (s) and 14.6 (s), 2,5-Me2T; 

193.1 (s), CO; 90.1 (s), Cp. IR: D(CO) 2080, 2034 cm"!. Anal, calcd. for 

C13H13BF4O2RUS: C, 36.88; H, 3.09. Found C, 36.44; H, 2.79. 

[Cp(CO)2Ru(Me4T)]BF4 (5). NMR: S 2.26 (s, 6 H) and 2.05 (s, 6 H), Me4T; 

5.63 (s, 5 H) Cp. 13C{1H) NMR: ô 141.2 (s), 136.8 (s), 13.8 (s) and 12.6 (s), Me4T; 

193.5 (s), CO; 90.0 (s), Cp. IR: l) (CO) 2076, 2030 cm'l. FAB: m/e 363 (M+); 306 (M+-

2C0); 223 (M+- Me4T). Anal, calcd. for C15H17BF4O2RUS: C, 40.07; H, 3.81. Found C, 

39.59; H, 3.44. 

[Cp(CO)2Ru(BT)]BF4 (6). NMR: ô 7.93 (m, 2 H), 7.60 (m, 2 H) and 7.54 (s, 

2 H), BT; 5.74 (s, 5 H) Cp. NMR: 5 143.7 (s), 140.1 (s), 133.4 (s), 131.8 (s), 

129.6 (s), 128.4 (s), 126.9 (s) and 124.9 (s), BT; 192.9 (s), CO; 89.9 (s), Cp. IR: D(CO) 

2079, 2032 cm'l. FAB: m/e 357 (M+), 301 (M+- 2C0), 223 (M+- BT). Anal, calcd. for 

C15H11BF4O2RUS: C, 40.65; H, 2.50. Found C, 40.31; H, 2.41. 

[Cp(CO)2Ru(DBT)]BF4 (7). NMR: S 8.16 (m, 2 H), 7.93 (m, 2 H), and 7.68 

(m, 4 H), DBT; 5.74 (s) Cp. 13c{lH} NMR: Ô 140.6 (s), 137.1 (s), 130.3 (s), 130.1 (s), 

125.8 (s) and 123.7 (s), DBT; 192.9 (s), CO; 90.1 (s), Cp. IR: D(CO) 2078, 2034 cm-l. 

Anal, calcd. for C19H13BF4O2RUS: C, 46.27; H, 2.66. Found C, 45.81; H, 2.52. 

Synthesis of Cp(C0)(PPh2Me)RuCl (8) 

This complex was prepared by the method used previously for the synthesis of 

Cp(CO)(PPh3)RuCI.20 A solution of 0.136 g of Ru3(CO)i2 (0.213 mmol) and 1.0 mL of 

freshly distilled cyclopentadiene (15.2 mmol) in 60 mL of heptanes was refluxed for 3 h. To 

the hot solution was added 120 |J.L of PPh2Me , and the solution was refluxed for another 30 

min. The solvent was removed under vacuum, and the residue was dissolved in 15 mL of 
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CHClg and stirred for 12 h. Following removal of the solvent, the residue was 

chromatographed on neutral alumina. The complex of interest was collected as the third 

yellow band using a 1:1 mixture of CH2CI2 and hexanes as the eluting solvent. Following 

recrystallization from CH2CI2 and hexanes, 0.120 g of Cp(C0)(PPh2Me)RuCl was 

recovered as orange crystals in 44 % yield. IR: D(CO) 1956 cm"^ NMR: Ô 4.90 (s, 5 H, 

Cp), 7.60 - 7.35 (m, Ph), 2.14 (d, = 10 Hz, Me). 13C{1H} NMR: S 200.8 (d, Ucp = 

21.4 Hz, CO); 137.7 (d, Ucp = 46.1 Hz), 136.4 (d, = 51.2 Hz), 132.4 (d, Jcp = 10.9 

Hz), 131.3 (d, JCP = 10.3 Hz), 130.4 (d, Jcp = 2.5 Hz), 130.0 (d, Jcp = 2.6 Hz), 128.5 

(d, JCP = 10.2 Hz) and 128.3 (d, Jcp = 10.2 Hz), PPh; 85.4 (d, ^Jcp = 2.1 Hz, Cp); 16.7 

(d, IJcp = 33.9 Hz, PMe). The IR and ^H NMR spectra are very similar to those of the 

corresponding PPhg complex 20. 

Synthesis of [Cp(C0)(PPh2Me)Ru(ril(5)-3-MeT)]BF4 (9) 

To a solution of 50.1 mg of Cp(C0)(PPh2Me)RuCl (0.117 mmol) and 75 |iL (0.59 

mmol) of 3-MeT in 20 mL of CH2CI2 was added 38.5 mg (0.198 mmol) of solid AgBF^. 

The solution was stirred for 1 h at room temperature during which time a precipitate formed 

and the solution color changed from orange to yellow. The solution was filtered through 

Celite, and the volatiles were removed under vacuum. The residue was dissolved in 2 mL of 

CH2CI2 to give a solution to which was added 15 mL of Et20; 8 separated as an oil. IR: 

D(CO) 1993 cm-l ^H NMR: 6 7.04 (dd, J = 5.1, 2.7 Hz, 1 H), 6.96 (dd, J = 5.4, 1.2, 1 

H), 6.60 (m, 1 H) and 2.19 (d, JHH = 1.2 Hz, 3 H), 3-MeT; 5.05 (s, 5 H, Cp); 7.65 - 7.40 

(m, 10 H) and 2.27 (d, Zjpy = 9.5 Hz, 3 H) PPh2Me. ^H) NMR: 5 143.5 (s), 138.0 

(d, 3jcp = 2.1 Hz), 135.1 (s), 131.5 (s) and 16.3 (s), 3-MeT; 200.3 (d, ^Jcp= 18.3 Hz, 

CO); 135.0 (d, Ucp = 51.8 Hz), 134.2 (d, UcP = 51.7 Hz), 132.2 (d, Jcp = 11.2 Hz), 

131.9 (d, JCP = 2.6 Hz), 131.5 (d, Jcp = 10.8 Hz), 131.2 (d, Jcp = 2.3 Hz), 129.6 (d, Jcp 
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= 10.6 Hz) and 129.5 (d, Jcp = 10.5 Hz), PPh; 87.5 (d, ^JQP = 1.7 Hz, Cp); 19.6 (d, IJcp 

= 34.9 Hz, PMe). These spectral features are very similar to those of 

Cp(CO)(PPh3)Ru(T|l(S)-3-MeT)+.l0 

Equilibrium Studies 

Equilibrium constants, K, were determined for the thiophene substitution reactions in 

equation 3 by ^H NMR spectrometry. Approximately 0.020 mmol (8.2 - 9.4 mg) of a 

K 
Cp(CO) 2Ru(n (^)-Th) + + Th' ^ ^ Cp(C0)2Ru(TiVS)-Th')'' + Th (3) 

25.0 °C 

[Cp(CO)2Ru(Ti^(S)-Th)]BF4 complex was placed in a 5 mm NMR tube, dissolved in 0.50 

mL of CD2CI2 under nitrogen and mixed with an equimolar amount of another thiophene 

(Th'). The tube was placed in liquid nitrogen and flame sealed under vacuum. The solution 

was allowed to thaw, and the tube was placed in a 25.0 ± 0.1 °C temperature bath. The ^H 

NMR spectrum of the sample was recorded on a Varian VXR-300 spectrometer with the 

probe thermostated at 25.0 ± 0.1 °C using CD2CI2 as the solvent, internal lock and reference 

(5 5.32 ppm). Equilibrium constants, K, for eq 3 were calculated from integrations of the 

proton signals of each species in the ^H NMR spectrum using eq 4, where Icp and Icp' are 

[Cp(CO) 2Ru(Th')+] [Th] 

[Cp(CO) 2Ru(Th)1 [Th'] 
(4) 
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the integrals of the Cp peaks of each complex, I-rh and Ixh' are integrals of the free thiophenes 

and X and y are the number of protons for the particular thiophene peak being integrated. The 

Me peaks were integrated on 2-MeT, 3-MeT and Me^T. The signal for H3 and H4 on 2,5-

Me2T and T and the H2 peak on BT were integrated. For example, if Th = 2-MeT and Th' = 

T, then x = 3 and y = 2. A long delay time of 38 s between scans was used so that all the 

protons were fully relaxed. The reactions were followed by NMR to make sure that they 

reached equilibrium. This occurred within 24 h for most reactions. The reaction of 

Cp(CO)2Ru(TiH5)-Me4T)+ with BT (reaction G, Table I) took 52 h to reach equilibrium. 

Each equilibrium constant is the average of at least three different spectra taken during a 2 to 

49 day period. Solutions containing complexes of 2-MeT, 3-MeT and T showed some signs 

of decomposition; the solution color turned from yellow to orange, and new Cp peaks 

appeared in the NMR spectra at 6 5.58 (most intense), 5.55 and 5.51 ppm. Over a period of 

three weeks, however, this decomposition was less than 5% of the Ru complex; the 

equilibrium constants were not affected by this decomposition because they are based on 

integrals of all reactants and products in eq 3. The K values resulting from these studies are 

shown in Table I. 

Kinetic Studies 

Reaction solutions of Cp(C0)2Ru(T|l(5')-Th)[BF4] (Th = 2-MeT, 3-MeT, BT and 

2,5-Me2T), Cp(CO)(PPh3)Ru(Til(5)-Th)[BF4] (Th = T, 2-MeT, 3-MeT, 2,5-Me2T and BT) 

and Cp(CO)(PPh2Me)Ru(Ti^(S)-3-MeT)[BF4], whose reaction (eq 5) half lives were less 

than 7 h, were prepared as follows. A 0.0050 mmol sample of the complex was placed in an 

NMR tube with an excess, weighed amount of PPhg. The tube was evacuated, flushed with 

nitrogen and capped with a septum. A 0.50 mL aliquot of CD2CI2 was added, and the tube 

was shaken to dissolve the reactants. The tube was immediately placed in the probe of a 
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Table I. Equilibrium Constants, K, for Reactions (Eq 3) of 

Cp(CO)2Ru(Til(5)-Th)+ with Th' at 25.0 °C in CD2CI2 

Reaction Th Th' K 

A 2-MeT T 0.303(1) 

B 2-MeT 3-MeT 1.52(5) 

C 2-MeT 2,5-Me2T 6.26 

D BT 2,5-Me2T 0.435(11) 

E 3-MeT T 0.210(12) 

F 3-MeT 2-MeT 0.660 

G Me4T BT 0.0526 

H BT Me4T 19.2 

I 2,5-Me2T Me4T 40.7 

+ PR; — ^ 
/==, CDjClj 

ocy s ^ 25.0 T OCV PR3 

MCx 

L = CO; PPhg; PPh2Me 
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Varian VXR-300 NMR spectrometer thermostated at 25.0 ± 0.1 °C. The spectrometer was 

preprogrammed to take spectra at specific time intervals; the acquisition time for each 

spectrum was 60 s (16 scans at 3.744 s/scan). Rate constants, kobs, were obtained from the 

least squares slopes of plots of ln(l+FO (where F = [Product]/[Reactant]) vs. time; reactant 

and product concentrations were determined by integrating Cp peaks. Correlation 

coefficients of these plots were always greater than 0.995. Three samples were run at each 

concentration; die results (Tables II and HI) are the average of the three runs at each 

concentration with the average deviation in the last digit given in parentheses. The products 

formed in these kinetic studies were Cp(CO)2(PPh3)Ru+ or Cp(CO)(PPh3)2Ru+, and the free 

thiophenes; they were identified by their NMR spectra which were the same as those 

previously reported in the literature.20-22 The product Cp(CO)(PPh3)Ru(PPh2Me)+, (S 5.02 

ppm, Cp) was identified from its NMR spectrum, which closely corresponded to that of 

Cp(CO)(PPh3)2Ru+. 20,21 Preparations of samples of Cp(CO)(PPh3)Ru('n l(S)-

Th)[BF4] (Th = Me4T and DBT), whose reaction half lives were greater than 12 h, were 

slightly different. A sample (0.0050 mmol) of Cp(C0)(PPh3)Ru(Til(S)-Th)+ was placed in 

an NMR tube with an excess, weighed amount of PPh3. The tube was evacuated and flushed 

with nitrogen. A 0.50 mL aliquot of CD2CI2 was added, and the tube was immediately 

immersed in liquid nitrogen. The tube was then flame sealed under vacuum. After the 

solution thawed, the tube was placed in a constant temperature bath thermostated to 25.0 ± 

0.1 °C. Periodically the tube was removed from the bath, placed in the probe and a spectrum 

was recorded on a Nicolet NT-300 spectrometer at room temperature using CD2CI2 as the 

internal lock and standard (Ô 5.32). The tube was then returned to the bath within a 15 min 

period. The peaks of interest were integrated using a curve fitting routine on NMRi23 

software. Rate constants were calculated as described above. Three samples were 
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Table IL Rate Constants, kobs (s"^)» for Reactions of O.OIOM 
Cp(C0)(PPh3)Ru(Tii(S)-Th)+ with PR3 at 25.0 °C in CD2CI2 

According to Eq 5 

Th PR] 104 kobs, s-l 104 kobs, s-l 104 kobs, s-1 
O.IOMPR3 O.2OMPR3 O.4OMPR3 

T PPh3 11.1(5) 15.0(3) 17.1(6) 

2-MeT PPh3 2.3(1) 2.1(1) 2.2(1) 

3-MeT PPh3 1.7(1) 1.7(1) 1.8(1) 

2,5-Me2T PPh3 1.2(1) 1.3(1) 1.3(1) 

BT PPh3 0.64(3) 0.70(1) 0.76(1) 

PPhMe2 0.66(2) 0.71(2) 0.75(2) 

DBT PPh3 0.16(1) 0.16(2) 0.18(3) 

Me4T PPh3 0.055(1) 0.056(1) 0.063(1) 

run at each phosphine concentration; the kobs values given in Table III are the average of the 

three runs with the average deviation in the last digit given in parentheses. 

For kinetic studies of reactions using the liquid phosphines, PPh2Me and PPhMea, 

0.0050 mmol of Cp(CO)2Ru(Tll(5)-2,5-Me2T)[BF4] or Cp(CO)(PPh3)Ru(Til(5)-

BT)[BF4] were placed in an NMR tube. The tube was evacuated and flushed with nitrogen. 

Under a flow of nitrogen, 0.50 mL of CD2CI2 was added, and the tube was capped with a 

septum. The phosphine was injected into the solution through the septum using a 

microsyringe, and the tube was immediately placed in the probe of a Varian VXR-300 

spectrometer thermostated at 25.0 ± 0.1 °C. The spectrometer was programmed to 
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Table III. Rate Constants, kobs (s'*), for Reactions of O.OIOM 
Cp(CO)2Ru(Til(5)-Th)+ with PR3 at 25.0 °C in CD2CI2 According 

to Eq 5 

Th PR] [PR3] 104 kobs, s-1 

2-MeT PPh3 0.10 4.1(2) 

0.20 4.1(1) 

0.40 4.1(1) 

3-MeT PPh3 0.10 4.5(1) 

0.20 4.4(2) 

0.40 4.7(1) 

BT PPhs 0.10 0.99(2) 

0.20 0.99(2) 

0.40 1.1(1) 

2,5-Me2T PPhs 0.10 0.27(1) 

0.20 0.30(3) 

0.30 0.35(1) 

0.40 0.37(1) 

PPhaMe 0.10 0.45(1) 

0.15 0.53(7) 

0.20 0.64(3) 

0.30 0.86(9) 

PPhMe] 0.10 3.7(1) 
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acquire spectra at specific time intervals, and the data were worked up as described above. 

The products of these kinetic reactions were identified from their NMR spectra, which 

were similar to those of Cp(CO)2(PPh3)Ru+ 20,21 or Cp(CO)(PPh3)2Ru+ 22 reported in the 

literature: Cp(C0)(PPh3)Ru(PPhMe2)+ (6 5.02 ppm, Cp), Cp(CO)2Ru(PPh2Me)+ (Ô 5.63 

ppm, Cp) and Cp(CO)2Ru(PPhMe2)+ (6 5.59 ppm, Cp). 
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RESULTS 

Synthesis of Cp(C0)2Ru(Til(S)-Th)+ (1-7) 

The thiophene containing complexes Cp(CO)2Ru(Til(5)-Th)+ (1-7) were 

synthesized in a manner identical to that of the Cp(CO)(PPh3)Ru(Til(5)-Th)+ complexes^O 

using AgBF4 to abstract the CI" from Cp(C0)2RuCl in the presence of excess thiophene (eq 

6). The structures of BT and DBT are shown below. These complexes are thermally less 

+ AgCl. (6) 

• Me 

1, Th=T 2, Th=2-MeT 
3, Th=3-MeT 4, Th=2,5-Me {ï 
5, Th=Me4T 6, Th=BT 
7, Th=DBT 

BT DBT 

stable and are more air-sensitive than the corresponding Cp(CO)(PPh3)Ru(Ti^(5)-Th)+ 

complexes. The alkyl and aryl iodide complexes of Cp(C0)(PPh3)Ru(I-R)+ (R=alkyl, 
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aryl)24 were also more stable than their Cp(C0)2Ru(I-R)+ analogs. The thiophene complex 

(1) was not isolated as an analytically pure compound but was identified by its and 

NMR and IR spectra. Solid samples of the T (1), 2-MeT (2) and 3-MeT (3) complexes 

show noticeable decomposition at room temperature in air and under nitrogen after 24 h but 

may be kept under N2 at -20 °C for over one month. In CD2CI2 solution, complexes 1,2 

and 3 also show decomposition within 24 h, producing the free thiophenes and a number of 

species containing the Cp ligand (in all cases, the major product has a Cp peak at S 5.58 ppm 

in the NMR) as seen in the NMR spectra. None of these products were identified. 

There was also no evidence for CpRu(T|5-T)+, which exhibits a singlet at S 5.40 ppm (Cp) 

and a pair of multiplets at 6 6.32 and 6.16 ppm (T).25 The T|^-T complex was previously 

identified as a product of the decomposition of Cp(PPh3)2Ru(r|l(5')-T)+ in CD2CI2 On 

the other hand, the Cp(C0)(PPh3)Ru(T) l(S)-T)+ complex, which is stable at room 

temperature in solution, decomposes in refluxing CH2CI2 to give the CI bridging dimer 

' [Cp(CO)(PPh3)Ru]2Cl+ (IR: D(CO) 1973 cm-l. iR NMR: S 4.82 (s, Cp), 7.54 (m), 7.45 

(m) and 7.25 (m, PPhg). FAB: m/e 948.8 (M+)). Similar halide bridging dimers^ô, e.g. 

[Cp(CO)2M]2X+ (M = Fe, Ru; X = CI, Br, I) are known. Complexes 4-7 are stable as 

solids and in solution at room temperature under N2. 

The DBT complex (7) is only slightly soluble in CH2CI2. Due to its low solubility, 7 

was not used in either the kinetic or equilibrium experiments. 

Reactions of Cp(CO)2Ru(Til(5)-Th)+ and Cp(CO)(PPh3)Ru(Til(5)-Th)+ with PPhg 

produce the substituted products, Cp(C0)2(PPh3)Ru+, ^0.21 and Cp(CO)(PPh3)2Ru+,22 

respectively, and the free thiophenes (see Kinetic Studies in Experimental Section). 

Likewise, reaction of Cp(CO)2Ru(Tll(5)-BT)+ and Cp(CO)(PPh3)Ru(Til(5)-T)+ with [(n-

Bu)4N]Br give Cp(C0)2RuBr^9 and Cp(CO)(PPh3)RuBr27 and free Th; 

Cp(C0)(PPh3)Ru(Tl 1 (S)-BT)+ reacts with MeCN to give Cp(C0)(PPh3)Ru(NCMe)+ 10.24 
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and BT. These reaction products were identified by the NMR spectra based on data 

reported in the literature. 

Compounds 1-7 were characterized by IR and and NMR, FAB mass 

spectroscopy and elemental analysis (see Experimental Section). The D(CO) absorptions in 

their IR spectra are 24 to 30 cm"' higher than those of the neutral starting material, 

Cp(CO)2RuCl (\)(CO)=2056, 2004 cm*'). The Cp protons in their NMR spectra are 

slightly deshielded (0.15 - 0.29 ppm) as compared with Cp(C0)2RuCl (5 5.45 ppm). The 

thiophene ring protons in 1-4 are downfield (0.11 - 0.27 ppm) from those of the free 

thiophene, as was found in the Cp(C0)2Fe(T| '(5)-T)+ 4a complex. These resonances are 

also slightly downfield of those in the Cp(CO)2Re(T|l(5)-Th)^ and 

Cp(CO)(PPh3)Ru(Ti'(5)-Th)+,l0 complexes with more electron-rich metal centers. If the 

thiophene ligands were bound to the metal in an r\^ -fashion through one of the C-C double 

bonds, the thiophene ring protons would be expected to shift significantly upfield, as 

reported for complexes of Tj^-thiophene.^S r\2. selenophenes,29 TI2-benzo[b]thiophene3c and 

olefins.^® In the NMR spectra of complexes 1-7, the thiophene carbons are slightly 

downfield (5.8 - 11.0 ppm) of those in the free thiophene, as was also observed for 

Cp(CO)2Fe(TlM5)-Th)+,4a Cp(CO)(PPh3)Ru(Til(5)-Th)+,i0 and Cp(CO)2Re(Tii(5)-

Th)9. Again, an upfield shift in the resonances would have been expected^c. 29 for t|2-

carbons if the thiophenes were Tl^-bound through two carbons. Thus, the NMR spectra 

establish that the thiophenes are Til(5)-bound. This type of coordination is confirmed by X-

ray diffraction studies of Cp(CO)2Re(Til(5)-T)9 and Cp(CO)(PPh3)Ru(Ti'(5)-2-MeT)+.l0 

Only one CO resonance is observed in NMR spectra of complexes 2,3 and 6 at 

room temperature in CD2CI2. If the unsymmetric thiophenes in these complexes were non-

fluxional, one would expect the diastereotopic CO groups to give two signals. Thus there is 

a dynamic process which makes the two carbonyls equivalent on the NMR time scale. At 
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temperatures below 198 K, the NMR spectrum of Cp(CO)2Ru(Ti^(5)-BT)+ in CD2CI2 

shows two peaks (Ô 192.9 and 192.5 ppm) for the CO groups. At the coalescence 

temperature (205 K), the free energy of activation, AC, is calculated^! to be 43 kJ/mol. The 

fluxional process involved is likely to be inversion of the thiophene sulfur, as has been 

observed in other systems.'*^' ^0,32 Previously, AG* values of 39 kJ/mol at 190 for 

Cp(C0)2Fe(TlKS)-BT)+ and 40 kJ/mol at 213 KlO for Cp(CO)(PPh3)Ru(Tll(S)-Th)+ 

(Th=2,5-Me2T and Me4T) were obtained. Since Cp(CO)2Ru(Til(5)-BT)+ has a higher 

inversion barrier at higher temperature than Cp(CO)2Fe(Til(5)-BT)+, the inversion is slower 

in the Ru complex. 

Equilibrium Studies 

Results of the equilibrium studies of reaction 3 ^e shown in Table I. Numbers in 

parentheses are average deviations for at least 3 runs of the same reaction. Reactions B and 

F along with G and H approach equilibrium from opposite directions. The K value for 

reaction B (1.52) is identical to that of the inverse of F (1/0.660 = 1.52); likewise, the K 

value for H (19.2) is within experimental error of that of the inverse of G (1/0.0526 = 19.0). 

Similarly, adding reactions A and F together gives reaction E. Multiplying the experimental 

K values for A (0.303) and F (0.660) gives a calculated K value for reaction E of 0.200, 

which is within 5% of the experimental K value for reaction E (0.210). All other 

comparisons done in this manner result in calculated values that are within 6% of the directly 

measured value, ensuring the validity of the experimental K values. 

Kinetic Studies 

Results of kinetic studies of thiophene replacement in Cp(C0)(PPh3)Ru(T|!(5)-Th)+, 

Cp(CO)2Ru(Til(5)-Th)+, and Cp(CO)(PPh2Me)Ru(Til(5)-3-MeT)+ with PR3 (PR3 = PPh3, 
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PPh2Me, PPhMea) according to equation 5 are shown in Tables II and III. The studies were 

done under pseudo first-order conditions, always with a greater than 10-fold excess of 

phosphine. Except for the reactions of Cp(CO)(PPh3)Ru(Til(5)-BT)+ and 

Cp(CO)2Ru(Ti^(5)-2,5-Me2T)+ (4), the kobs values are independent of phosphine 

concentration within experimental error (Tables II and III) and follow the rate law in eq 7, 

where kobs = ki. This rate law indicates that the slow step in these reactions is the 

dissociation of Th from the Ru; this is followed by fast reaction of the 16 e" intermediate with 

PR3 to form the product. 

For the reaction of Cp(CO)(PPh3)Ru(Til(5)-BT)+ with PPhg, the rate constants 

(Table H) appear to increase with increasing phosphine concentration; however, when the 

more basic, less sterically crowded phosphine, PMe2Ph, is used as the incoming nucleophile, 

the reaction rate constants are the same within experimental error. So these reactions of this 

complex also follow the first order rate law (eq 7), but the errors are larger than in the other 

reactions. 

Rate constants (kobs) for the reactions of complex 4 increase slightly with increasing 

PPhg concentration. It is evident (Table III and Figure 1) that there is a phosphine 

dependence in this case, and the rate law contains both first- and second- order terms (eq 8). 

d [Cp(CO)LRu( n V5)-Th) +] 
= k„bs [Cp(CO)LRu( Tlk5)-Th) +] (7) 

dt 

kobs = ki + k2 [PR3] (8) 
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Linear correlations (Figure 1) are obtained when the kobs values (Table III) for the reactions 

of 4 with PPh] and PPh2Me are plotted against phosphine concentration. The lines fit eq 9 

(PPhg) and eq 10 (PPh2Me) as determined by linear least squares regression analysis 

kobs = 0.235 X 10-4 + 0.350 x 10*4 [PPh]] (9) 

kobs = 0.230 X 10-4 + 2.08 x 10-4 [PPhzMe] (10) 

(the correlation coefficients, r = 0.988 and 0.998, respectively). The y-intercepts of both 

lines give the same value for ki within experimental error. The slope of the PPh2Me line 

gives a second-order rate constant (k2= 2.08 x 10-4 M'l s-^ ) that is larger than that of the 

PPh3 line (k2=0.350 x 10-4 M'l s-' ), which is consistant with PPh2Me being the better 

nucleophile. 

Reactions of Cp(C0)(PPh3)Ru(T]^(S)-T)+ and Cp(CO)2Ru(T|^(5)-BT)+ with Br to 

give Cp(CO)(PPh3)RuBr27 and Cp(CO)2RuBrl9 are very rapid compared to those with 

phosphines. In an NMR tube, reactions of 0.020 moles of both Ru complexes with 0.080 

moles of [(n-Bu)4N]Br in 0.50 mL of CD2CI2 were complete before the first spectrum was 

taken (less than 5 min). Under the same conditions, the reaction of 

Cp(CO)(PPh3)Ru(Ti^(5)-T)+ with PPh3, requires 35 min to reach 95% completion. Thus, 

unlike PPh3 reactions, those of Br must involve nucleophilic attack on the complex. 

The kobs values (Table III) for the reaction with 4 with PPh2Me show greater errors 

than for all of the other reactions. These errors may be due, in part, to a light catalysis of the 

reaction. This was demonstrated by observing that the reaction was only 10% complete after 

12 min when the NMR reaction tube was wrapped in aluminum foil prior to placing it in the 

spectrometer probe and taking the first spectrum. The same reaction, when allowed to stand 
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Figure 1. Plot of kobs vs. phosphine concentration for the reactions of Cp(CO)2Ru(Ti^(5)-

2,5-Me2T)+ (4) with PPh2Me and PPh] acceding to eq 5 at 25 °C. 
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in the light for the same amount of time, was more than 75% complete. Since tubes in the 

NMR probe are not completely shielded from light, this exposure probably affects the 

reproducibility of the reactions with PPh2Me. The reaction of S with PPh] was so light-

sensitive that it was impossible to obtain reproducible rate constants. 
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DISCUSSION 

Equilibrium Studies of Thiophene Substitution in Cp(C0)2Ru(Ti i('S)-Th)+ 

Relative equilibrium constants, K', for the displacement of thiophene by methyl-

substituted thiophenes and benzo[b]thiophene (eq 11) were calculated from the 

n + 

/ \ /==:i 25.0 °C \ 

OC Me^ ^2^^ OC 

Me 

( 1 )  .  ( 2 - 6 )  

experimental K values in Table I. These values together with K' values for the analogous 

equilibrium (eq 2)^0 involving Cp(C0)(PPh3)Ru(T|l(S)-Th)+ are given in Table IV. 

The K' values for reaction (II) increase in the following order: T (1.00) < 2-MeT 

(3.30) < 3-MeT (4.76) < 2,5-Me2T (20.7) < BT (47.6) < Me4T (887). Thiophene itself is 

the most weakly coordinating ligand studied. Adding a methyl group to thiophene in the 2-

position increases K' to 3.30. Moving the methyl group to the 3-position increases the value 

slightly to 4.76. This increase in binding ability is most likely due to the electron donating 

ability of the Me group, which makes the S atom a better donor to the Ru. With two methyl 

groups in the a-positions, as in 2,5-Me2T, the K' value (20.7) increases by more than a 

factor of 6 as compared with 2-MeT. Finally, adding two more Me groups in the 3- and 4-

positions on the thiophene ring makes Me4T by far the most strongly coordinating thiophene. 

This trend of increasing K' values with increased Me substitution is slightly different than 
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Table IV: Relative Equilibrium Constants, K', for Reactions (Eq 11 and 2) 

of Cp(C0)(L)Ru(Tii(5)-Th)+ with Th' at 25.0 °C 

Th Cp(C0)2Ru(Th)+ Cp(CO)(PPh3)Ru(Th)+a 

T 1.00 1.00 

2-MeT 3.30 4.11 

3-MeT 4.76 6.30 

2,5-Me2T 20.7 2.76 

BT 47.6 29.9 

Me4T 887 57.4 

DBT. 74.1 

a Réf. 10 

that (Table IV) determined in equilibrium studies of thiophene displacement from 

Cp(CO)(PPh3)Ru(Tll(S)-Th)+,10 (eq 2); in this latter case, 2,5-Me2T was found to be a 

weaker binding ligand than either 2-MeT or 3-MeT. Based on an X-ray determined structure 

and computer modeling studies, we argued 10 that steric hindrance between an a-methyl 

group on thiophene and the phenyl groups on PPhg in Cp(CO)(PPh3)Ru(r|l(5')-2,5-Me2T)+ 

significantly reduced the K' value for 2,5-Me2T as compared with the other thiophenes. This 

argument is reinforced in the present equilibrium study, since replacement of the PPh] in 

Cp(CO)(PPh3)Ru(ril(5)-Th)+ with the less sterically crowding CO ligand dramatically 

increases the relative K' values for 2,5-Me2T and Me4T. Also, an X-ray structure 
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determination of the structurally similar Cp*(CO)2Re(Ti'(5)-T)9 shows no indication of 

steric hindrance between the T and the two carbonyls. Thus, in Cp(CO)2Ru(r|i(5)-Th)+, 

the trend of increasing K' values with the number of methyl groups is due to the electron 

donating ability of the methyl groups. 

There may also be some steric reduction of T|1(5')-BT binding in 

Cp(C0)(PPh3)Ru(Ti^(S)-BT)+, since its K' value (29.9), relative to the uncrowded 

thiophene complex, is significantly less than that (47.6) in Cp(C0)2Ru(T| 1 (6')-Th)+. 

Kinetic Studies of Thiophene Dissociation from Cp(C0)LRu(Ti^5)-Th)+ 

First-order rate constants (ki) for thiophene substitution by PR] in 

Cp(CO)2Ru(Til(5)-Th)+ and Cp(CO)(PPh3)Ru(Til(5)-Th)+ (eq 6) are listed in Table V. 

Since these constants are for a rate law which is independent of PR3 concentration, they 

correspond to a mechanism (eq 12) which involves rate-determining dissociation of the 

Cp(CO)LRu( Tl'(S)-Th) ^ • Cp(CO)LRu + • Cp(CO)LRu(PR 3)+ (12) 

thiophene followed by rapid reaction of the unsaturated ruthenium residue with PR3 to give 

the final product. For the Cp(CO)2Ru(Til(5)-Th)+ complexes, the ki values decrease with 

the thiophene in the following order: 3-MeT > 2-MeT > BT > 2,5-Me2T. The dissociation 

rates of 3-MeT (lO^ ki = 450 s"l) and 2-MeT (10^ ki = 410 s'l) are almost identical. Adding 

a second Me group to the thiophene to give 2,5-Me2T decreases the rate of dissociation by a 

factor of 20 compared to 3-MeT and 18 compared to 2-MeT. The trend is similar to that of 

thiophene dissociation from Cp(CO)2Re(Ti^(5)-Th) (eq 2): 3-MeT (10^ ki=120 s"^) > 2-

MeT (10^ki=9.1 s'l) > 2,5-Me2T (I0^ki=1.3 s"^) in CgDe at 80 °C. These trends suggest 

that Me groups on the thiophene strengthen the Ru-S bond by making the sulfur 
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Table V. First Order Rate Constants, ki (s'l), for the Dissociation of Th 

from Cp(CO)2Ru(Til(5)-Th)+ and Cp(C0)(PPh3)Ru(Tii(5)-Th)+ in 

CD2CI2 at 25.0 °C According to Eq 5 

Th 
Cp(C0)(PPh3)Ru(Th)+ 
106 ki, s'l 

Cp(C0)2Ru(Th)+ 
lO^ki.s"! 

T 1400 

2-MeT 220 410 

3-MeT 170 450 

2,5-Me2T 130 230 

BT 70 100 

DBT 17 

Me4T 5.8 

('Second-order rate constants for reactions of Cp(CO)2Ru(TiHS)-2,5-Me2T)+ with PR3: k2 = 

35 X 10-6 s-lM-1 (PPh3); k2 = 208 x 10*6 s'^M-l (PPh2Me). 

a stronger donor. Methyl groups affect the equilibrium constants (eq 11, Table IV) for 

thiophene exchange in the same way, as discussed in the previous section. 

For the Cp(CO)(PPh3)Ru(T|l(5)-Th)+complexes, the 10^ ki values (s'l) decrease as 

follows: T (1400) > 2-MeT (220) > 3-MeT (170) > 2,5-Me2T (130) > BT (70) > DBT (17) > 

Me^T (5.8). As in the Cp(CO)2Ru('nH5)-Th)+ system, the rate of thiophene dissociation 

decreases as the number of Me groups in the thiophene increases. However, there is 
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evidence that methyl groups in the 2- and 5-positions sterically accelerate the dissociation by 

interacting with the bulky PPhg. For example, 2-MeT dissociates more rapidly than 3-MeT, 

but the reverse was true in the Cp(C0)2Ru(Ti ̂ 5)-Th)+ and Cp(C0)2Re(T| ̂  (5')-Th) (eq 1). 

Also, the rate of 2,5-Me2T dissociation in Cp(C0)(PPh3)Ru(T| l (5')-Th)+ is just slightly 

slower (less than a factor of 2) than 2-MeT. In the less sterically hindered systems, 

Cp(CO)2Ru(Til(5)-Th)+ and Cp(CO)2Re(T]l(5)-Th), where 2,5-Me2T dissociation is not 

enhanced by crowding, 2,5-Me2T dissociates much more slowly than 2-MeT. This steric 

interaction is supported by trends in equilibrium constants, K', for Th binding in 

Cp(CO)(PPh3)Ru(Ti^5)-Th)+ (eq 2) that showed 2,5-Me2T to be less strongly bound than 

the 2-MeT, but in the less crowded Cp(CO)2Ru(Til(5)-Th)+ (eq 4), 2,5-Me2T binds more 

strongly than 2-MeT. 

Rates of BT (10^ ki=70 s'l) and DBT (10^ ki=17 s'l) dissociation from 

Cp(CO)(PPh3)Ru(Ti'(5)-Th)+ are substantially slower than those of T. Relative equilibrium 

constants, K', for these thiophenes (Table IV) also in the Cp(CO)(PPh3)Ru(T|^(5)-Th)+ 

system, follow the same trend: T (1.00) < BT (29.9) < DBT (74.1). 

The interaction between the thiophenes and the metal may be described as a donation 

of sulfur electron density to the metal center. This bonding picture suggests that an increase 

in electron density at the metal center should weaken the Ru-S bond. To test this effect, we 

compared the rates of dissociation of the sterically small 3-MeT from 

Cp(CO)(PPh3)Ru(Til(S)-3-MeT)+ and Cp(CO)(PPh2Me)Ru(TiM5)-3-MeT)+. Reactions of 

[Cp(CO)(PPh2Me)Ru(Til(S)-3-MeT)]BF4 (9) with PPh3 to give 

[Cp(CO)(PPh2Me)Ru(PPh3)]BF4 follow a first-order rate law (eq 7) giving the following ki 

values: 4.2(1) x 10-4 s'l (O.IOM PPh3), 4.1(2) x 10*4 s'l (0.20M PPh3) and 4.7(1) x 10-4 s'l 

(0.40M PPh3). As expected, k; for this dissociation is faster for 

Cp(CO)(PPh2Me)Ru(Til(5)-3-MeT)+ (ki= 4.3 x 10-4 s'l) than for Cp(C0)(PPh3)Ru(iiK^)-
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3-MeT)+ (ki= 1.7 x 10-^ s"'). This observation is consistent with the effect of the Cp' ligand 

on the rate of 3-MeT dissociation from Cp'(CO)2Re(ril(5)-3-MeT) (Cp' = Cp, Cp*) 

complexes; here the rate of 3-MeT dissociation from the more basic Re complex containing 

Cp* (Cp* = Tj^-CgMeg) is 3.5 times faster than that from the analogous Cp complex. 

The reaction of Cp(CO)2Ru(Ti^(5)-2,5-Me2T)+ (4) with phosphines show a 

significant contribution from a second order (k2) pathway that is not observed with any of the 

other Cp(CO)2Ru(Til(5)-Th)+ complexes. Complex 4 is also the slowest to undergo Th 

dissociation; it is perhaps this slow 2,5-Me2T dissociation that allows the rate of nucleophilic 

attack of the PR] to become competetive with the dissociation. That nucleophilic attack is 

possible on these complexes is suggested by the fast reaction of Br with Cp(CO)2Ru(Ti^(5)-

BT)+ (6) (see Results). 

Relevance to Thiophene Adsorption on HDS Catalysts 

Relative adsorption coefficients (Krei) for thiophenes (Table VI) on a sulfided Co-

M0/AI2O3 HDS catalyst at 350 °C increase33 with the number of methyl groups in the 

thiophene; T (1.0) < 2-MeT (1.6) < 3-MeT (1.7) < 2,5-Me2T (2.5). The absence of a 

steric effect that reduces adsorption by thiophenes with 2- and 5-methyl groups was 

interpreted to mean that TiK5)-coordination to a metal site on the catalyst was unlikely; 

therefore, was suggested as the most probable mode of thiophene adsorption. This 

conclusion was supported by equilibrium studies^^ (eq 13) that showed that K' also increases 

n+ K' 

Qj (̂ CO 
RuCp 50 °C RuCp 
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Table VI. Equilibrium Constants for Binding of Methyl Substituted 
Thiophenes on a C0-M0/AI2O3 Catalyst, in CpRuCfi^-Th)"^, 
Cp(C0)2Ru(TiU'S)-Th)+ and Cp(C0)(PPh3)Ru(Ti i(S)-Th)+; Also, 

Rates of Th Dissociation from Cp(C0)2Re(Til(S)-Th), 
Cp(C0)2Ru(îil(S)-Th)+ and Cp(C0)(PPh3)Ru(ii i(S)-Th)+ 

Th K'fr K'c K'^ 107ki« lO^k/ 106ki« 

T 1.0 1 1.0 1.0 3000 1400 

2-MeT 1.6 6 4.1 3.3 91 410 220 

3-MeT 1.7 7 6.3 4.8 1200 450 170 

2,5-Me2T 2.5 35 2.8 20 13 23 130 

Me4T 1300 74 887 2.7 5.8 

For adsorption on a sulfided C0-M0/AI2O3 catalyst at 350 °C; ref 14. 

^ For Ti^-Th coordination in CpRu(T|5-Th)+ at 50.0 °C in acetone-d^, according to eq 13; ref 

34. 

For Til(S')-Th coordination in Cp(CO)(PPh3)Ru(Til(5')-Th)+ at 25.0 °C in CD2CI2 

according to eq 2; ref 10. 

^ ForT|l(5^)-Th coordination in Cp(CO)2Ru(Til(5)-Th)+ at 25.0 °C in CD2CI2 according to 

eq 11; this work. 

^ Rate constants (ki) for the dissociation of Th from Cp(CO)2Re(Til(5)-Th) at 80.0 °C in 

CgDg according to eq 1; ref 13. 

/ Rate constants (ki) for the dissociation of Th from Cp(C0)2Ru(T| l (5')-Th)+ at 25.0 °C in 

CD2CI2 according to eq 5; this work. 

g Rate constants (ki) for the dissociation of Th from Cp(CO)(PPh3)Ru(T|^(5)-Th)+ at 25.0 

°C in CD2CI2 according to eq 5; this work. 
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with the number of methyl groups on the thiophene: T (1) < 2-MeT (6) ^ 3-MeT (7) < 2,5-

Me2T (35). Moreover, there is much evidence to indicate that T| ̂ -coordination's, 35 in 

organometallic complexes activates the thiophene to undergo a variety of reactions, some of 

which have been used as the basis of proposed thiophene HDDS mechanisms.36 

While Ti^-coordination logically accounts for the trend in methyl thiophene adsorption 

on the C0-M0/AI2O3 catalyst, Ti^5)-binding also accounts for this trend. Thus, equilibrium 

constants, K', for Til(5)-binding of thiophenes in Cp(CO)2Ru(Til(5)-Th)+ increase in the 

same order: T (1.0) < 2-MeT (3.30) < 3-MeT (4.76) < 2,5-Me2T (20.7). In these studies, 

there appears to be no steric effect caused by methyl groups in the 2- and 5-positions. 

Steric effects do become significant in the related Cp(C0)(PPh3)Ru(T| ̂ (5')-Th)+ (Table IV, 

VI) which contains a bulky PPhg ligand. However, such bulky ligands are normally not 

present on the surface of an HDS catalyst. Thus, the "n^S^-coordination mode also accounts 

for the trend in thiophene adsorption on the C0-M0/AI2O3 catalyst. There is also recent 

evidence to suggest that T] 1 (5)-coordination can activate the thiophene by inserting into a C-S 

bond. 37 This could occur as the metal migates between the sulfur (ti^(5)-) and olefin 

(t)'-) coordination (eq 14).37 This migration has been established in the selenophene (Sel) 

M M 

(14) 

M 

C,S-
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complexes Cp(CO)2Re(Sel)29 and in Cp(CO)2Re(BT)3c, The C,S-ring-opened structure has 

been observed in Cp*Ir(C,S-C4R4S)38 and Cp*(PR3)M(C,S-C4R4S)18.37.38c. Thus, it is 

possible that thiophene could adsorb in the Ti'(5)-form and be activated to undergo HDS by a 

pathway that begins with the insertion in equation 14. 

A comparison of the T|l(5)-coordinating abilities of thiophene and the benzo-

thiophenes (Tables IV, V) show that they increase in the order T < BT < DBT. If these 

thiophenes coordinate in the same way at a metal site on a catalyst surface, one would expect 

to find the same trend in their adsorption on the catalyst. However, at this time there are no 

data on the relative binding abilities of these thiophenes on HDS catalysts that would allow 

this comparison to be made. 
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PAPER III. REACTIONS OF 2-BENZ0[b]THIENYL (l-BTyl) COMPLEXES 

WITH ACID TO GIVE Cp(PMe3)2Ru(TiKS)-BT)+ AND 

Cp(C0)(PPh3)Ru(Til(S)-BT)+: A MODEL FOR 

BENZO[b]THIOPHENE (BT) DEUTERIUM EXCHANGE ON 

HYDRODESULFURIZATION CATALYSTS.! 
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ABSTRACT 

The 2-benzothienyl complexes, Cp(PMe3)2Ru(2-BTyl) (1) and Cp(CO)(PPh3)Ru(2-

BTyl) (2) are prepared from reactions of 2-benzothienyllithium with Cp(PMe3)2RuX (X = 

CI, CF3SO3) and Cp(C0)(PPh3)RuCl. Protonation of 2 with CF3SO3H gives the T|'(S)-

benzo[b]thiophene(BT) complex Cp(C0)(PPh3)Ru(T| l(S)-BT)+ (4). The analogous 

protonation of 1 appears to initially add H+ to the S atom in the BTyl ligand; this intermediate 

subsequently rearranges to the 'nl(S)-BT complex, Cp(PMe3)2Ru(Til(S)-BT)+ (3). These 

reactions suggest a possible pathway for deuterium exchange in the 2-position of 

benzothiophene over hydrodesulfurization catalysts. 
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INTRODUCTION 

Hydrodesulfurization^ (HDS) of benzo[b]thiophene (BT) over C0-M0/AI2O3 

catalysts to give ethylbenzene and H2S is proposed to occur by two mechanistic pathways^: 

either by initial hydrogénation to give 2,3-dihydrobenzothiophene followed by 

desulfurization to form the final products, or by initial desulfurization to give vinyl benzene 

followed by hydrogénation to ethyl benzene. Regardless of the pathway, the reaction 

involves only the thiophenic part of BT as the benzene ring is not hydrogenated. Also, 

deuterium exchange of BT, when passed with D2 over HDS catalysts, occurs predominantiy 

in the 2- and S-positions'^'S of the thiophene rather than in the benzene ring. A mechanism 

which accounts for this deuterium exchange has been proposed by Cowley^ (Figure 1). He 

postulates that BT binds to a metal atom on the catalyst surface through either C2 or C3 

forming 2-benzothienyl (2-BTyl) or 3-benzothienyl (3-BTyl) intermediates; these 

intermediates then incorporate deuterium from the surface to give deuterated BT. Only the 

mechanism for deuteration at C2 is shown in Fig. 1. 

Recent investigations of BT binding in organometallic complexes have indicated some 

possible modes for its binding to the catalyst surface. Benzothiophene binds stronger 

4 5 

M M M 

(TI'(S)-BT) (2,3-Ti^-BT) (ri^-BT) 
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Figure 1. Cowley's proposed mechanism^ for deuterium exchange of H at the 2-position. 
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through the S atom than thiophene, yet weaker than dibenzothiophene as determined by 

equilibrium and kinetic studies^ of these and other T] ̂  (S)-thiophenes (Th) in 

Cp(C0)2Ru(T|l(S)-Th)+ and Cp(CO)(PPh])Ru(ilKS)-Th)+. Of the other known Ti 1(S)-BT 

complexes, Cp(CO)2Fe(Til(S)-BT)+.7 and Cp'(CO)2Re(Til(S)-BT)8 (Cp'zzTi^-CsHg, 

CsMes), Cp'(C0)2Re(T| ̂ (S)-BT) is in equilibrium with its 2,3-r|2-bound isomer. At present, 

there is no evidence that Til(S)-coordination promotes deuterium exchange in these 

complexes; so, this adsorption mode does not account for deuterium exchange of the 2- and 

3- hydrogens in BT on HDS catalysts.'^>5 Deuterium exchange of 2,3-Ti^-bound BT by cis-

dideuteradon followed by H2 elimination would lead to equal deuteration in the 2- and 3-

positions. However, results of Cowley^ and our groupé show that exchange occurs faster in 

the 2- than the 3-position, which suggests that 2,3-T|2 adsorption of BT is not involved in 

deuterium exchange on the catalysts. The third known mode of coordination, T|6, is observed 

in CpM(Ti6-BT)2+ (M=Rh, Ir),9 CpRu(ii^-BT)+'9J0 and (CO)3Cr(Ti6-BT).ll However, 

since base catalyzed deuterium exchange^ in Cp(Ru)(Ti^-BT)+ occurs primarily at the 2- and 

7- rather than the 2- and 3-positions, Tj^-coordination of BT does not account for the 

observed 2- and 3-exchange observed on HDS catalysts. 

In order to probe the possibility that a-coordination of benzothienyl (BTyl) to a metal 

accounts for preferential deuterium exchange at the 2- and 3-positions as proposed by 

Cowley (Figure l),'^ we describe herein the synthesis of 2-BTyl complexes of Ru and 

examine their reactions with CF3SO3H. 
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EXPERIMENTAL 

General Procedures 

The IR spectra were taken in CH2CI2 on a Nicolet 710 FT-IR spectrometer. The 

NMR spectra were recorded on either a Nicolet NT-300 or Varian VXR-300 spectrometer 

using deuterated solvents as the internal lock. The 13c{ iH} NMR spectra were taken on 

either Bruker WM-200 or Varian VXR-300 spectrometers using deuterated solvents as the 

internal lock and reference (CDCI3, S 77.0 ppm; CD2CI2, 5 53.8 ppm CD3NO2,5 62.8 

ppm). Fast atom bombardment (FAB) mass spectra were obtained in a CH2Cl2/3-nitrobenzyl 

alcohol matrix with a Kratos MS-50 mass spectrometer. Elemental analyses were performed 

by Galbraith Laboratories, Inc., Knoxville, TN and Desert Analytics, Tucson, AZ. 

Reactions were performed under nitrogen atmosphere using standard Schlenk 

techniques. 12 Solvents were dried under N2 prior to use; hexanes and CH2CI2 were distilled 

from CaH2, and THF and diethyl ether were distilled from Na/benzophenone. Methanol was 

distilled from magnesium alkoxide, which was generated from magnesium turnings and 

iodine in absolute MeOH.13 Starting materials Cp(PMe3)2RuCl,'^ Cp(PMe3)2RuIl^ and 

Cp(CO)(PPh3)RuCll5 vvere prepared by literature methods. The synthesis of 

[Cp(CO)(PPh3)Ru(Ti^S)-BT)]BF4 was described previously.^ Benzo[b]thiophene (BT) 

was purchased from Aldrich and sublimed under vacuum at room temperature prior to use. A 

2.1 M solution of n-BuLi in n-hexane was purchased from Johnson Matthey. Triflic acid, 

CF3SO3H, (3M Co) was distilled at ambient pressure under N2. Silver triflate (AgCF3S03), 

NlijCPFg) and Me30(BF4) were used as purchased from Aldrich. Neutral alumina, 

Brockman I (~150 mesh), was purchased from Aldrich and deactivated with 5% (w/w) 

deionized H2O after 24 h under vacuum. The CF3SO3D was prepared by stirring D2O (99.8 

atom %) (0.72 g, 0.036 mol) and (CF3S02)20 (10.0 g, 0.0354 mol) for 3 h and then 
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distilling the deutero acid at ambient pressure at 162 °C. Subsequent reactions of 1 and 2 

(see Results & Discussion Section) with CF3SO3D indicated the presence of 40% CF3SO3H. 

This may be due to exchange of CF3SO3D with small amounts of water in the solvent or 

adsorbed on the glassware. 

Synthesis of Cp(PMe3)2Ru(2-BTyl) (1) 

Method A. A solution of 1.138 g (8.480 mmol) of BT in 30 mL of THF was cooled 

at 0 °C. To this solution was added 4.0 mL (8.4 mmol) of a 2.1 M solution of n-BuLi in n-

hexane. After allowing the solution to warm to room temperature with stirring for 30 min, it 

was refluxed for an additional 30 min, cooled to room temperature and then to 0 °C in an ice 

bath. To this solution was added 0.500 g (1.41 mmol) of Cp(PMe3)2RuCl in 30 mL of 

THF. The resulting solution was refluxed for 2 h. Complex 1 was isolated as the first 

yellow band eluting from a neutral alumina column (2 cm x 20 cm) with a 1:5 mixture of 

CH2CI2 and hexanes. Removal of solvent gave 0.1675 g of 1 as a yellow powder (26.3% 

yield). ^H NMR (CD2CI2): 6 7.48 (d, J = 7.7 Hz, IH), 7.33 (d, J = 7.8 Hz, IH), 7.00 (td, 

J = 6.9, 1.1 Hz, IH), 6.82 (td, J = 7.5, 1.1 Hz, IH) and 6.76 (s, IH) BTyl; 4.70 (s, 5H) 

Cp; 1.45 (pst, 18H) PMes. 13c(Ih} NMR (CD2CI2): 5 164.5 (t, 2jcp = 17.5 Hz), 

146.6(s), 144. l(s), 130.2 (t, 3Jcp = 4.2 Hz), 122.3(s), 119.3(s), 118.7(s) and 118.1(s) 

BTyl; 82.3 (t, Jcp= 2.1 Hz) Cp; 23.5 (t, J = 14.3 Hz) PMes. Anal, calcd for 

C19H28P2RUS: C, 50.54; H, 6.25. Found: C, 50.87; H, 6.16. 

Method B. A solution of 0.1630 g (1.215 mmol) of BT in 20 mL of THF was cooled 

in an ice bath. To this solution was added 0.60 mL (1.3 mmol) of a 2.1 M n-BuLi solution 

in n-hexane. The resulting solution was allowed to warm to room temperature while stirring 

for 30 min. The solution was then refluxed for 30 min, cooled to room temperature and 

cooled again in tiie ice bath. In a separate flask, 0.1050 g (0.2358 mmol) of Cp(PMe3)2RuI 
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was dissolved in 20 mL of THF. Solid AgCFgSO] (65.1 mg, 0.253 mmol) was added, and 

the resulting solution was stirred for 10 min. A precipitate formed immediately. The cloudy, 

orange solution was filtered and added to the LiBTyl solution. The resulting dark red 

solution was allowed to warm to room temperature while being stirred for 1 h. Solvent was 

removed under vacuum, and the residue was chromatographed on neutral alumina. Product 

1 was isolated as above as a yellow powder (45.1 mg, 42% yield). 

Synthesis of Cp(CO)(PPh3)Ru(2-BTyl) (2) 

A solution of 0.1899 g (1.415 mmol) of BT in 30 mL of THF was cooled to 0 °C. 

To this solution was added 0.70 mL (1.5 mmol) of a 2.1 M n-BuLi solution in n-hexane. 

The flask was removed from the ice bath, and the mixture was stirred for 30 min at room 

temperature. The solution was then refluxed for 30 min, cooled to room temperature and 

cooled again in the ice bath. To this solution was added 0.1065 g (0.2165 mmol) of 

Cp(C0)(PPh3)RuCl in 20 mL of THF. The resulting solution was stirred for 1 h, and the 

solvent was removed under vacuum. The residue was chromatographed on a neutral alumina 

column (2 cm x 20 cm). Complex 2 was isolated as the second yellow band, eluting with a 

1:3 mixture of CH2CI2 and hexanes. Solvent was removed under vacuum and 48.1 mg of 2 

was recovered as a yellow powder in 38.0% yield. IR: v(CO) 1940 cm"^ ^HNMR 

(CDCI3): 6 7.55 (d, J = 7.8 Hz, IH), 7.04 (t, J = 8.1 Hz, IH), 6.90 (t, J = 7.0 Hz, IH) 

and 6.48 (s, IH) BTyl; 5.06 (s, 5H) Cp; 7.29 (m, 16H) PPhg + IBTyl H. 13C( ^H} NMR 

(CDCI3) Ô 147.1 (d, 2jcp = 16 Hz), 146.0(s), 142.7(s), 135.8(s), 122.2(s), 119.5(s), 

119.3(s) and 119.0(s) BTyl; 87.7(s) Cp; 205.1 (d, ^JQP = 21 Hz) CO; 133.8 (d, Ucp = 109 

Hz), 133.4 (d, Jcp = 11.4 Hz), 129.9(s) and 127.9 (d, Jcp = 10.4 Hz) PPh]. Anal, calcd. 

for C35H25OPRUS: C, 65.18; H, 4.27. Found: C, 65.08; H, 4.44. 
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Synthesis of [Cp(PMe3)2Ru(Til(S)-BT)]PF6 (3) 

A solution of 0.1010 g (0.2855 mmol) of Cp(PMe3)2RuCl and 0.0882 g (0.657 

mmol) of BT in 20 mL of MeOH was refluxed for 1.5 h. Solid NH4(PF6 ) (0.2304 g, 1.414 

mmol) was added, and the solution was cooled to room temperature. Solvent was removed 

under vacuum, 10 mL of CH2CI2 was added to the residue and the solution was filtered. The 

solution volume was reduced under vacuum, and complex 3 was precipitated (0.1211 g, 

71.0% yield) by addition of 15 mL of Et20. NMR (CD2CI2): 5 7.87 (m, IH), 7.74 (m, 

IH), 7.53 (m, 2H), 7.46 (d, J = 5.6 Hz. IH) and 7.20 (d, J = 5.6 Hz, IH) BT; 4.47(s) Cp; 

1.68(pst, 18H) PMeg. 13c{1H} NMR (CD3NO2): 6 150.3(s), 141.3(s), 136.9(s), 

129.6(s), 128.7(s), 127.6(s), 127.1(s) and 124.3(s), BT; 83.4(s) Cp; 22.9 (t, Jcp = 16.5 

Hz) PMes. FAB m/e 453.0 (M+), 319.0 (M+-BT) and 243.0 (M+-BT-PMe3). Anal, calcd 

for Ci9H29F6P3RuS*0,5 CH2CI2: C, 36.59; H, 4.72. Found; C, 36.86; H, 4.91. The 

solvating CH2CI2 was identified in the ^H NMR spectrum of 3 in CD2CI2 solvent. 

Reaction of 1 with CF3SO3H to give 3 

In a 5mm NMR tube, 5.1 mg (0.011 mmol) of Cp(PMe3)2Ru(2-BTyl) was dissolved 

in 0.50 mL of CD2CI2 under N2, and the tube was capped with a septum. Using a 

microsyringe, 1.0 |iL (0.011 mmol) of CF3SO3H was injected through the septum into the 

solution. The color changed immediately from yellow to orange. The ^H NMR spectrum 

showed two Cp peaks at 8 5.28 and 4.47 ppm. The peak at 8 5.28 decreased in intensity as 

the peak at 4.47 increased; the peak at 8 4.47 was due to complex 3, which was identified by 

its complete 'H NMR spectrum; 3 was formed quantitatively after 1.5 h. 
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Reaction of 2 with CF3SO3H to give 4 

A solution of 6.8 mg (0.012 mmol) of 2 in 0.50 mL of CD2CI2 was prepared under 

nitrogen in a 5 mm NMR tube. The tube was capped with a septum. Using a microsyringe, 

1.0 |i.L (0.011 mmol) of CF3SO3H was injected into the solution. The solution color 

immediately turned from yellow to orange. Complex 4, identified by its NMR 

spectrum,5a was formed quantitatively. 
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RESULTS AND DISCUSSION 

Lithiation of BT with n-BuLi to give 2-benzothienyllithium (LiBTyl) occurs 

exclusively at C2.16 This LiBTyl reacts in situ with Cp(PMe3)2RuX (X=C1, O3SCF3) or 

Cp(C0)(PPh3)RuCl to give the 2-benzothienyl complexes, Cp(PMe3)2Ru(2-BTyl) (1) and 

Cp(CO)(PPh3)Ru(2-BTyl) (2) (eq 1). A better leaving group (CF3SO3-) on the metal 

I i n r  \ V  ^6 +LiCl (1) 

LrV ^C1 L^^y 7 

L1L2 = (PMe 3)2 (1); (CO)(PPh 3) (2) 

expedites the reaction; thus, milder conditions are required and a higher yield is obtained 

when AgCFsSOs is used to abstract I" from Cp(PMe3)2RuI (method B) prior to reaction with 

LiBTyl (eq 2). No reaction is observed when Cp(PMe3)2RuI is refluxed with LiBTyl for 

AgCFgSOg LiBTyl 
Cp(PMe3),RuI > TcF^ibr ' ® 

10 h. 

The 2-benzothienyl complexes, 1 and 2, are characterized by and ^H) NMR 

and elemental analyses (see Experimental Section). In their NMR spectra, the five BTyl 

protons are well resolved and exhibit a singlet (H3), 2 doublets (H4, H7) and 2 triplets (H5, 

H6) for both complexes (one of the doublets in 2 is obscured by Ph peaks). The 1% NMR 

spectra of I and 2 show coupling of C2 to the phosphorus of the PR3 ligands. In complex 
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2, the two-bond coupling constant (^Jcp = 16 Hz) is similar to that of the CO (8 205.1, 2Jqp 

= 21 Hz) in this same complex. In 1, C2 occurs as a triplet (Ô 164.5 ppm, ^Jcp = 17.5 Hz) 

as a result of coupling to the P atoms in the two PMeg ligands. Here, C3 in BTyl is also split 

by phosphorus (5 130.2, = 4.2 Hz). Thus, the NMR spectra of 1 and 2 are consistent 

with bonding of Ru to the C2 carbon of the benzothienyl ligand. 

Protonation of 2 in CD2CI2 with CF3SO3H gives the TI^S)-BT complex, 4 (eq 3) 

immediately and quantitatively as seen in the 'H NMR spectrum of the reaction mixture at 

room temperature. Complex 4 was identified by its ^H NMR spectrum.^^ Likewise, 

addition of one equivalent of CF3SO3H to a CH2CI2 solution of 1 at room temperature gives 

3 (eq 4). Complex 3 is also prepared by a second methodin which Cp(PMe3)2RuCl is 

j.-rfi' "• 
MegP^y S 

Me^P 

N 

I 
Ru 

MegPV 

H 

1.H+ 

'Z.P'jS 
MegP 

refluxed in MeOH with excess BT. Prepared by this route, 3 was characterized by 'H and 

13c NMR, and FAB mass spectroscopy and elemental analysis. The ^H and iH) NMR 

spectra of 3 are similar to those of other Til(S)-BT complexes.^,? In an NMR tube reaction 
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of 1 with CF3SO3H in CD2CI2, an intermediate (l'H+) was detected (eq 4); it exhibits a 

singlet at Ô 5.28 ppm for Cp, a pseudotriplet at 6 1.54 ppm for PMe] and two complex 

multiplets at 8 7.5 and 7.3 ppm for the BTyl ligand (the BTyl peaks are partially obscured by 

the ti1(S)-BT peaks of 3). At room temperature, these peaks rapidly disappear (ti/2 ~11 min) 

as 3 is formed. 

As it is rapidly isomerizing to 3, the structure of the intermediate, 1*H+, in reaction 

(4) is difficult to establish from its NMR spectrum. Complex 1 contains three likely sites 

for H+ addition: at Ru, at C3 or S. An NMR spectrum of 1«H+ in CD2CI2 shows no 

evidence of a metal hydride peak at high field (up to 5 -25 ppm), which rules out H+ addition 

at Ru. Addition of H+ at C3 on BTyl (eq 5), in a reaction similar to protonation of a vinyl 

1 + 

MegPy ^ MejPy S 
A^gP MegP 

1 5 

group,would likely give the car bene complex 5. That 5 is unlikely to be the structure of 

I'H+is supported by the following experiments. When one equivalent of CF3SO3D reacts 

with 1 and 2 in CD2CI2, D is found exclusively in the 2-position of the tiKS)-BT in the final 

products 3 and 4. This was established by integrating the individual BT peaks in 3. Since 

the PPh3 peaks obscure the BT peaks in 4, the CD2CI2 solution of 4 resulting from 

CF3SO3D addition to 2 was treated with a 10-fold excess of MeCN to displace BT. After 12 

h, the solution was passed through a small plug of AI2O3. The resulting solution contained 

only free BT and MeCN; after reducing the solution volume, the free BT in acetone-dô was 

analyzed by NMR spectroscopy. In the BT ligand of both 3 and 4, the integral of the H2 



www.manaraa.com

doublet was 40% of the H3 doublet, which integrated 1:1 with the H4 and H7 multiplets and 

1:2 with the H5 and H6 multiplet; this establishes that deuterium is only in the H2 position 

and not in H3; some deuterium would be expected at H3 if 1H+ had the carbene structure 5. 

Also supporting the conclusion that 5 is not the 1H+ intermediate is the result of an 

experiment in which one equivalent of EtgN was added immediately to 1*D+, which was 

formed by the addition of CF3SO3D to a CD2CI2 solution of 1. The EtgN regenerates 1 

which does not contain deuterium in the 3-position or in any other position of the BTyl 

ligand. If the 1*D+ intermediate had structure 5, deuterium would have had to be found in 

the 3-position of the regenerated 1. Since the proton in 1*H+ is not on the Ru or C3, it is 

most likely to be bound to the S atom in the benzothienyl ligand. This is supported by the 

reaction of BT with MesOCPFg) in CH2CI2 which gives the S-methylated BT«CH3+.19 in 

reaction (4), the S-protonated intermediate 1*H+ apparently rearranges to 3 by proton 

migration to C2, which results in Ru-C bond cleavage. This rearrangement occurs more 

rapidly in the reaction of 2 than 1, since a protonated intermediate is not detected in reaction 

(3). 

Complexes 3 and 4 were not deprotonated to give 1 and 2 (the reverse of eqs 3 and 

4) as shown by reactions of 3 or 4 in CD2CI2 with one equivalent of NEt] at room 

temperature over a 12 h period; only a small amount of free BT was observed in the NMR 

spectrum. 

Relevance to Deuterium Exchange of Benzo[b]thiophene on HDS Catalysts 

The reactions (eqs 3 and 4) of the 2-benzothienyl complexes 1 and 2 with CF3SO3D 

result in deuteration of the 2-position of the benzothiophene in the BT products 3 and 4, 

This is a reaction that is very similar to that (Figure 1) proposed by Cowley^ for deuterium 

exchange of BT with D2 on an HDS catalyst surface. His mechanism involves a 2-BTyl 
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intermediate which reacts with a D+ on a surface sulfide to give the 2-deuterobenzothiophene. 

To account for the lesser amount of deuterium incorporated into the 3-position of BT, he 

suggests the formation of a 3-BTyl surface group which reacts with D+ to give deuterium at 

the 3-position. The studies presented in this paper are consistent with the idea that both 2-

and 3-benzothienyl intermediates are necessary to account for the observed deuteration of BT 

at the 2- and 3-positions when BT exchanges with D2 over HDS catalysts. Cowley's 

mechanism can be elaborated based on results presented in this paper and on other recent 

studies of BT complexes as shown in Figure 2. In step (1), BT adsorbs as an equilibrium 

mixture of the Til(S)- and T|^- forms, based on the analogous equilibrium known^ to exist in 

Cp'(C0)2Re(BT). The intermediate could convert to either the 2-BTyl (path a) or 3-BTyl 

(path b) surface species. Deuterium transfer from the surface to the 2-BTyl group would give 

2-deutero-BT (step (2)) and to the 3-BTyl would give 3-deutero-BT (step (3)). Path a would 

be faster than path b since more deuteration occurs^.^ in the 2- than in the 3-position. In fact, 

the 2-BTyl surface species may be thermodynamically favored over the 3-BTyl species. This 

is supported by the reported^® rearrangment of the 3-thienyl complex (C5Me5)(PMe3)Rh(3-

thienyl)(H) to the more stable 2-thienyl analog (eq 6); this isomerization is proposed to occur 

via 

(C5Me5)(PMe3)(H)Rh (C5Me5)(PMe3)(H)Rh (6) 

reductive elimination of H and the 3-thienyl group to give a coordinated thiophene, which 

undergoes oxidative-addition across the 2-position C-H bond to give the 2-thienyl product. 
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path a 

-H 

Figure 2. Mechanism for deuterium exchange on BT which accounts for incorporation of D 

into the 2- and 3-postions. 
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In summary, the mechanism shown in Figure 2, which is a modification of Cowley's 

original proposal (Figure 1), reasonably accounts for preferential deuteration of BT at the 2-

position based on reactions of organometallic benzothienyl and thienyl complexes. 
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PAPER IV. STUDIES OF THE MECHANISM OF THIOPHENE 

HYDRODESULFURIZATION: 2H NMR AND MASS 

SPECTRAL ANALYSIS OF 1,3-BUTADIENE PRODUCED IN 

THE DEUTERODESULFURIZATION (DDS) OF THIOPHENE 

OVER PbM06.2S8 CATALYST 
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ABSTRACT 

The deuterodesulfurization (DDS) of thiophene was investigated over PbMog.zSg at 

400 °C using a flow-microreactor. Evidence indicates that 1,3-butadiene (BDE) is the first 

desulfurized product; its deuterium content was established by % NMR and mass 

spectrometries. At different levels of thiophene conversion (0.86-10.2%), the amount of 

deuterium incorporated into BDE remains constant at 3.47 D atoms per BDE molecule. 

Unconverted thiophene incorporates 0.42 D atoms at 10.2% thiophene conversion but only 

0.05 D atoms at 0.86% conversion. Reaction of 2,5-dihydrothiophene (2,5-DHT) with D2 at 

400 °C over PbMoe.aSg liberates BDE as the only hydrocarbon product. This BDE 

incorporates no deuterium. Thiophene, H2S and 2,5-DHT effectively poison the catalyst, 

inhibiting both BDE hydrogénation and deuterium exchange. The results indicate that during 

the DDS process, a total of 3.2 deuterium atoms are incorporated into the BDE; 0.83 D are in 

the DA-position while 1.2 D are in each of the De-and Dc-positions. Several HDS 

mechanisms proposed in the literature are consistent with these results; two are not. 
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INTRODUCTION 

Catalytic hydrodesulfurization (HDS) is a large-scale industrial process for the removal 

of sulfur from petroleum feedstocks. ̂ Because it is one of the most difficult organosulfur 

compounds to desulfurize in these feedstocks, thiophene has been studied extensively. The 

reaction of thiophene with H2 over supported HDS catalysts, C0-M0/AI2O3, Ni-Mo/AlaOs 

and Ni-W/Al203, produces H2S and a mixture of four-carbon hydrocarbons:^. 3 1,3-

butadiene, 1-butene, cis- and trans-2-hutene and butane (eq 1). Of the C4 products, 1,3-

3 4 /• / / / 

O catalyst // / / / 
i* 400°c'/~^ /*/ 

butadiene has been suggested as the most likely product formed directly following C-S bond 

cleavage because it is detected^ • 4 under reduced hydrogen pressure where its hydrogénation 

to butenes and butane is less favorable. Other evidence supports this proposal. First, the 

relative amount of 1,3-butadiene produced in the HDS of thiophene over MoS2^^ and 

Chevrel-phase catalysts'^ increases with decreasing thiophene conversion. Second, 1-butene 

is produced in tiiese reactions in greater than equilibrium amounts (20% 1-butene, 31% cis-2-

butene, 49% trans-2-hutenc at 400 °C),5 supporting a sequential hydrogénation path from 

1,3-butadiene to 1-butene. Direct hydrogénation of 1,3-butadiene over M0S2 at 320 °C also 

produces excess l-butene.3a Studies of 1-butene hydrogénation over several Chevrel-phase 

catalysts (including PbMo6.2S8)^ show no evidence of 1,3-butadiene at 400 °C in a flow 

reactor. Thus, it is unlikely that 1,3-butadiene is produced from 1-butene dehydrogenation. 

Based on evidence that 1,3-butadiene is likely to be the first HDS product, mechanisms 

proposed for thiophene HDS often involve pathways leading to its formation. Our approach 
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to testing these mechanisms is to compare the deuterium content and location in 1,3-butadiene 

produced during the deuterodesulfurization (DDS, using D2 instead of H2) of thiophene over 

PbMo6.2S8 at 400 °C with that predicted by each mechanism. In order to do the deuterium 

studies it was necessary to choose a catalyst that produced reasonable amounts of 1,3-

butadiene. Since the Chevrel-phase catalyst, PbMog ̂ Sg, is a relatively poor olefin 

hydrogénation catalyst,'*- 6a it does indeed yield 1,3-butadiene (6.5% of the C4 hydrocarbon 

products). An additional benefit of this catalyst is its low activity toward catalyzing the 

exchange of hydrogens in thiophene with deuterium;^ substantial deuterium incorporation 

into thiophene before the HDS reaction would further complicate interpretation of the 

deuterium composition of the 1,3-butadiene product. The total amount of deuterium 

incorporation was determined experimentally by mass spectrometry, and the relative amounts 

of deuterium incorporated into each of the three distinguishable positions of 1,3-butadiene 

(DA. DB, DC: Figure 1) were determined by integration of their peaks in the NMR 

spectrum. Prior to considering the experimental results, it is useful to examine the deuterium 

content of 1,3-butadiene that would be predicted from mechanisms that have been proposed 

in the literature. For the remainder of this paper, 1,3-butadiene will be abbreviated BDE. 

Figure 1. Structure of 1,3-butadiene showing the positions of deuterium incorporation as 

detected by NMR. 
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This analysis of thiophene HDS mechanisms will be limited to those mechanisms that 

are given in sufficient detail to allow one to predict from them the number and locations of 

deuterium in the BDE product. One such mechanism (Figure 2)P proposed in these 

laboratories and based on a series of organometallic and reactor studies, involves partial 

thiophene hydrogénation. The thiophene adsorbs to a metal site through all five atoms (ti5); 

this adsorption activates the thiophene to react with a surface hydride at the 2-position (step a) 

to give an allyl sulfide intermediate. A strongly acidic H+, perhaps from an -SH group, adds 

in step b to the 3-position forming adsorbed 2,3-dihydrothiophene (2,3-DHT). Isomerization 

of 2,3-DHT to 2,5-dihydrothiophene (2,5-DHT) (step c) is followed by cleavage of both C-S 

bonds (step d) to give BDE and an adsorbed S atom. One equivalent of H] removes S as 

H2S to regenerate the active site (step e). Under DDS conditions, where the amount of D2 is 

much greater than that of thiophene, this mechanism predicts the addition of one D atom in 

each step a and b. During the isomerization (step c), a third D atom is added to the 5-

position, while either D or H is lost from the 3-position. The 2,3-DHT formed in step b 

could be bound through both the olefin and the sulfur as shown, or through just the S atom; 

only sulfur-coordination is observed in its transition metal complexes.^ In this latter case, 

either H or D could be lost from the 3-position since either side of the ring can contact the 

surface as a result of rapid inversion at the sulfur and flipping of the ring. This type of 

inversion is known to occur in S-coordinated 2,3-DHT complexes.* Because the deuterium 

isotope effect^ will cause the C(3)-D bond to be stronger than C(3)-H in 2,3-DHT, the 3-

position of 2,5-DHT will probably contain more D than H. Based on a ICH/ICD isotope effect 

of 3.33,9 2,5-DHT will have 0.77 D atoms at C(3) and 2.8 D atoms in the whole molecule. 

In the desulfurization step {d), no deuterium is incorporated and the resulting BDE should 

contain 2.8 D, and these deuterium atoms should be distributed (Figure 1) as follows: 0.77 

D at Da, 1.0 D at Dg, and 1.0 at Dc. (It is not possible to predict whether the deuterium 
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Figure 2. Hydrogénation mechanism proposed by Sauer, Markel, Schrader and Angelici^ 

indicating sites of deuterium incorporation. 
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content at Dg and De will be equal or unequal.) 

A second mechanism involving partial hydrogénation of thiophene was proposed by 

Kwart, Schuit and Gates (Figure 3).^0 The first step of this mechanism (step a) is r|2-

coordination of thiophene through one of its double bonds to a surface metal atom. As the 

thiophene S atom interacts with a nearby surface S atom, one H atom adds to C2 (step b). 

Next, either another H atom adds to give a 2,3-DHT intermediate bound through only the S 

atom (step c) followed by p-elimination and C2-S bond cleavage (step d) to give an adsorbed 

butadiene thiolate, or the butadiene thiolate is formed directly (step e) without addition of the 

second proton. The authors are unclear as to which path (steps c and d, or step e) would be 

favored or whether both occur simultaneously. Repetition of these steps (steps/, g and h or 

steps /and i) at the other double bond cleaves the second C-S bond and gives adsorbed BDE 

as the final product. 

Under DDS conditions, formation of the 2,3-DHT intermediate (steps b and c) requires 

addition of two D atoms. Again, as in Figure 2, H would transfer more rapidly to the surface 

than deuterium during the ^-elimination step d. On the other hand, step e requires addition of 

only one D atom. Repetition of these steps at the second C-C double bond gives BDE with 

either 0.0 D atoms at the D^-positions by paths e and i or 1.54 D, based on the 3.33 kn/ko 

isotope effect,^ at the DA-position by paths c, d, g and h. Both pathways introduce a total of 

two D atoms at the Dg- and Depositions for a total of 2.0-3.5 D in the product BDE. 

A third hydrogénation mechanism (Figure 4) was proposed by Delmon and Dallons. 

In this mechanism, thiophene is initially Tj^-bound through the 7C-system to a coordinatively 

unsaturated surface metal atom while the thiophene S atom acts as a Lewis acid toward the S 

atoms of neighboring surface -SH groups (step a). Such an intermediate seems unlikely 

since the sulfur in known Ti^-coordinated thiophene complexes is a strong Lewis base,^2 

rather than a Lewis acid. Two H atoms add in step b to saturate C3 and C4 as C2 and C5 
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Figure 3. Multipoint mechanism proposed by Kwart, Schuit and Gates^® indicating sites of 

deuterium incorporation. 
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Figure 4. HDS mechanism proposed by Delmon and Dallons^ • indicating sites of deuterium 

incorporation. 
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form CT-bonds with the metal atom. Transfer of H atoms from the surface -SH groups to C2 

and C5 creates two hypervalent carbons in a transition state (step c) which lose the two 

original thiophene protons to the thiophene S atom to give H2S (step d). Under low H2 

pressure, hydrogens from C3 and C4 migrate to C2 and C5 (step e) and BDE is desorbed 

from the surface. Under DDS conditions, this mechanism adds two D atoms to C3 and C4 in 

step b. Step c adds two more deuterium atoms from the surface to C2 and C5 as H2S is lost 

in step d. Migration of hydrogens from C3 and C4 to C2 and C5, desorbs BDE with four D 

atoms. According to the isotope effect,9 1.54 D atoms will remain at the DA-position of BDE 

(Figure 1), and 2.5 D atoms will occupy the Dg- and Depositions. The total number of D 

atoms in the BDE product would be 4.0. 

Kolboe^3 proposed dehydrosulfurization as the initial step (Figure 5) in his 

HCEC-CSCH 

Figure 5. Dehydrosulfurization mechanism proposed by Kolboe.13 
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mechanism. It involves stepwise elimination of H3 and H4 which promotes C-S bond 

cleavage to give H2S and 1,3-butadiyne. Two equivalents of H2 hydrogenate 1,3-butadiyne 

to give BDE. Two equivalents of 0% during DDS would produce l,3-butadiene-d4. Two D 

atoms would be in the D^-positions of BDE and two would be in the Dg- and Depositions 

(Figure 1). Again, it is not possible to ascertain from the mechanism whether the two D 

atoms in the Db and Dc sites would be equally or unequally distributed between these 

positions. 

Reactions of the transition metal complex, Cp*Ir(T|'^-2,5-dimethylthiophene) (Cp*=^5. 

CgMeg) provide the basis for an HDS mechanism (Figure 6)14 proposed by Chen and 

S 

Figure 6. C-S cleavage mechanism proposed by Chen and Angelici^^ indicating deuterium 

incorporation into 1,3-butadiene. 



www.manaraa.com

120 

Angelici. In this mechanism, thiophene is activated by ^-coordination of just the diene 

fragment of thiophene (Ti^) to undergo base-catalyzed (basic AI2O3) C-S bond cleavage (step 

a), forming a six-membered ring. Coordination of an adjacent surface metal atom to the 

sulfur (step b) cleaves the second C-S bond (step c) forming a metallacyclopentadiene. 

Addition of one equivalent of H2 eliminates H2S (step e); a second equivalent of H2 cleaves 

the M-C bonds and desorbs BDE (step f). Deuterium incorporation into BDE during DDS 

would occur only during step/, giving l,3-butadiene-d2. This mechanism predicts that 

deuterium would occupy only the Dg- and Dc-positions (Figure 1 ) with no deuterium 

incorporation at the DA-position. 

Other mechanisms for thiophene HDS, which lead to butadiene-d2 with the deuterium 

in only the Dg- and Dc-positions and involve C-S bond hydrogenolysis prior to 

hydrogénation of the unsaturated hydrocarbon part of thiophene have also l%en proposed. 

Differing in the initial coordination mode and subsequent reactions, mechanisms by Desikan 

and Amberg,15 Lipsch and Schuit,l6 Curtis 17 and Cowley 18 all add two equivalents of H2 to 

cleave the C-S bond to produce BDE and H2S. During DDS of thiophene by these 

mechanisms, only the Dg- and Dc-positions of l,3-butadiene-d2 would have D atoms, and 

there would be a total of only two D atoms in those positions. 

Table 1 summarizes the number of deuterium atoms (deuterium number, D.N.) and 

their locations (DA, Dg, or Dc, Figure 1) predicted for each of the mechanisms discussed 

above. Deuterium numbers range from 2 to 4; a total of at least two D atoms are in the Dg-

and Dc-positions for all mechanisms (the mechanisms are unclear as to whether Db or Dc 

would be favored). On the other hand, the number of D atoms in the DA-position varies from 

0 to 2. Thus, the amount of deuterium atoms in the DA-positions as well as the total 
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Table 1. Deuterium Numbers (D.N.) and Deuteration Sites Predicted by 

Various Mechanisms for Deuterodesulfurization. 

Mechanism Figure # D.N. Da Db and Dc ref. 

2 2.8 0.77 2.0 7 

3 2.0-3.5 0.0-1.5 2.0 10 

4 4.0 1.5 2.5 11 

5 4.0 2.0 2.0 13 

6 2.0 0 2.0 14 

number of deuterium atoms (D.N.) distinguish several of the mechanisms from each other, 

and experimental measurements of D.N. and deuterium location in the BDE should allow us 

to narrow the number of mechanisms that are possible during HDS under the conditions of 

our studies. 

In our present study, we examine the deuterium content and location in BDE produced 

during thiophene DDS over the Chevrel-phase catalyst PbMog.zSg at 400 The deuterium 

(D.N.) of the BDE produced in this reaction as determined by mass spectrometry gives the 

average number of D atoms per molecule of BDE. The relative amounts of deuterium at each 

position (DA, Dg, or Dc) of the 1,3-butadiene were determined by integrating the peaks in 

the % NMR spectrum. The results are used to evaluate the viability of each of the 

mechanisms discussed above. In the course of these studies, it became necessary to also 

investigate reactions of D2 with BDE, 2,5-DHT and H2S under the same conditions as the 

thiophene HDS studies; all of these results are reported herein. 
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The focus here is on deuterium content and location in the BDE product. The more 

saturated 1- and 2-butene products of thiophene DDS over PbMo^.zSg contain^ much higher 

levels of deuterium (D.N. = 5.36 to 5.54), presumably because they form as a result of 

deuteration of the initially formed 1,3-butadiene. Since these butenes were formed in 

subsequent reactions of BDE, their deuterium content was not of direct relevance to the HDS 

mechanism and therefore was not investigated in this study. 
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EXPERIMENTAL 

Catalyst Preparation 

The Chevrel catalyst, RbMog^Sg, was prepared as previously described;6b 

characterization by X-ray diffraction was carried out to determine the bulk purity of the 

catalyst on a Siemens D500 diffractometer using CuKa radiation. Raman spectroscopy was 

performed on a Spex 1403 double monochromator spectrometer which confirmed the absence 

of M0S2 (bands at 383 and 409 cm'^) using the 514.5 nm line of a Spectra Physics argon 

laser operating at 200 mW (measured at the source). The catalyst was crushed and sieved to 

produce 40-l(X) mesh particles for all reactions. Surface area measurements were made on 

the same catalyst particle size, using the BET method on a Micromeritics 2100E Accusorb 

instrument at liquid nitrogen temperature using Kr as the adsorbing gas. The average surface 

area was found to be 0.80 ± 0.09 m^/g. 

Reactants 

Thiophene (99+%) was purchased from Aldrich and purified as previously described. 19 

Deuterium gas (Research grade, 99.99%), hydrogen gas (zero grade, 99.997%) and helium 

gas (zero grade, 99.997%) were purchased from Air Products. C.P. grade (99.0%) 1,3-

butadiene and C.P. grade (99.5%) hydrogen sulfide were purchased from Matheson. The 

2,5-dihydrothiophene (2,5-DHT) was prepared by a literature method^O and found to be 

greater than 97% pure by NMR. 

Reactor System 

Deuterodesulfurization of thiophene and 2,5-dihydrothiophene were performed on a 

fixed-bed, continuous-flow microreactor similar to that previously described.^ The reactor 
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bed was constructed from a 1.5 in x 0.25 in (o.d.) stainless steel tube. The catalyst (0.10-

0.40 g) was held in place between two pads of quartz wool. The gases, H2, D2 and He, 

were purified by passing through an oxy-trap (Alltech), 5Â molecular sieves (Alltech), 

activated charcoal (Alltech) and a 5 pm filter (Alltech). Reactant gases, 1,3-butadiene and 

H2S were passed through 5Â molecular sieves and a 5 |im filter. The flow rate through the 

reactor was 31 mL/min; operating pressure was near atmospheric. A Sage 341B syringe 

pump was used to inject thiophene and 2,5-DHT from a 2.50 mL gas-tight syringe into a 

heated saturator (6 in x 1/2 in stainless steel tubing packed with 5 mm glass beads) to 

completely volatilize the thiophenes. A series of two 6-port and one 4-port switching valves 

allowed for pulse- and continuous-flows of reactants over the catalyst as well as reaction 

stream sampling for G.C. analysis. 

Gas chromatography was used for determinations of percent conversion of thiophene 

and C4 product distribution. The G.C., a Varian 3400 equipped with an FID detector, was 

hooked up on-line to a 6-port valve on the reactor; 1.0 mL gas samples were injected directiy 

from a 1.0 mL sample loop. The separated products were quantified on a Varian 4270 

integrator. A 4-port valve and a 10-port valve on the G.C. allowed for the operation of two 

separate G.C. columns and for the reversal of column flow. Percent conversion of thiophene 

was determined on a 12 in x 1/8 in (o.d.) stainless steel column packed with Porapak Q 

(Alltech); the flow through the column was 20 mL/min at 110 °C. The C4 hydrocarbons were 

separated on a 6 ft x 1/8 in (o.d.) column packed with 0.19% picric acid on Graphpac G.C.; 

the He flow through tiie column was 40 mL/min. The column temperature was held at 40 °C 

for 5 min followed by a 35°/min ramp to 65 °C. After a 2 min hold, a final ramp (35°/min) to 

110 °C was used as the column flow was reversed to separate thiophene or to remove 

thiophene and 2,5-DHT (thiophene and 2,5-DHT did not separate on this column). 
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Experiment A. Deuterodesulfurization of Thiophene 

Liquid thiophene was syringed into the reactor system at a rate of 0.12 mL/h (2.5 x 10-5 

mol/min); D2 flow was 31 mL/min (1.3 x 10-3 mol/min). The PbMog.zSg (0.1-0.4 g) was 

heated to 4(X) ± 1 °C in a stream of He (20 mL/min). The saturator, feed lines and valves 

were heated to 120 ± 2 °C to ensure that thiophene (b.pt. = 84 °C) was vaporized. The empty 

reactor showed no hydrodesulfurization activity. The reactor temperatures were allowed to 

stabilize for 1 h before the feed stream was brought on-line. Percent conversion and C4 

product distribution were monitored throughout the reaction by G.C. Trapping of the 

reaction products at the vent in a liquid-nitrogen-cooled pyrex tube containing 5 mm glass 

beads commenced 15 min after the reactants were brought on-line, and continued for 12 h, 

the duration of the experiment. These products were analyzed by mass and ^H NMR 

spectrometries. 

Experiment B. Deuterodesulfurization of 2,5-DHT 

The 2,5-DHT reaction with D2 over PbMoe.aSg (0.200 g) was conducted in a manner 

similar to that of thiophene {vide ante). Liquid 2,5-DHT was syringed at a rate of 0.12 mL/h 

(2.5 X 10-5 mol/min); D2 flow was 31 mL/min (1.3 x 10-3 mol/min). The PbMo6.2S8 

catalyst was heated to 400 ± 1 °C in a stream of He (20 mL/min). The saturator, feedlines 

and valves were heated to 160 ± 2 °C to ensure that 2,5-DHT (b.pt. = 122 °C) was vaporized. 

Conversion of 2,5-DHT in tiie empty reactor was negligible (< 0.5%). Reactor temperatures 

stabilized for 1 h before tiie reactor feed was brought on-line. Percent conversion of 2,5-

DHT and the C4 product distribution were monitored throughout the reaction. The products 

were trapped for mass and % NMR spectral analyses over a period of 6 h. 
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Experiment C. Reaction of Thiophene, 0% and 2,5-DHT 

A mixture of 2.5 mL (0.031 mol) of 2,5-DHT and 4.9 mL (0.062 mol) of thiophene 

was prepared; a 2.5 mL sample of it was loaded into the gas-tight syringe. The flow rate of 

this mixture was 0.12 mL/h; the D2 flow was 31 mL/min (1.3 x 10-3 mol/min). The reactor 

was set up as for the reaction of 2,5-DHT with D2 {vide ante). The products were monitored 

by G.C. Trapping of the products at the vent was carried out for 6 h. 

Experiment D. Reaction of 1,3-Butadiene, D2 and H2S 

The flow of butadiene was set at 0.048 mL/min (2.0 x 10'^ mol/min) as calibrated by 

G.C.; H2S flow was set at either 0.043 mL/min (1.8 x 10-6 mol/min) or 0.74 mL/min (3.1 x 

10-5 mol/min) using a bubble meter. The catalyst (0.200 g) was heated to 400 ± 1 °C in a He 

stream (20 mL/min), and the reactor system was allowed to stabilize for 1 h. The reactants 

were brought on-line in D2 (31 mL/min, 1.3 x 10-3 mol/min), and the products were trapped 

at the vent. At the higher H2S flow rate (0.74 mL/min, 3.1 x 10-5 mol/min), the reaction was 

run for 6 h; at the lower flow rate (0.043 mL/min, 1.8 x 10"6 mol/min), the reaction was run 

for 12 h. The C4 product distributions were monitored throughout the reaction, and the 

products were trapped for analysis at the vent. 

Experiment E. Reaction of Thiophene, D2 and 1,3 Butadiene 

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

X 10'5 mol/min) and D2 (31 mL/min, 1.3 x 10*3 mol/min). The catalyst (0.500 g) was loaded 

to achieve 5% conversion of T; 1,3-butadiene was mixed with the reactant stream (0.18 

mL/h, 7.5 X 10-6 mol/min). The C4 product distribution was monitored throughout the 

reaction; the products were trapped at the vent for 12 h. 
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Deuterium Analysis of 1,3-Butadiene, Thiophene and 2,5-DHT 

For each reaction, the trapped products were vacuum transferred into a 5 mm NMR 

tube containing 0.50 mL CHCI3 (distilled from CaH2 under N2) for analysis by NMR 

and mass spectrometries. The % NMR spectra were obtained on a Varian VXR-300 

spectrometer using CHCI3 as the internal lock and standard (S 7.24 ppm). Mass spectral 

data for each component were obtained using a Finnigan 4(XX) GC-MS data system. The 

products were separated on a 30 m GS-alumina megabore (0.53 mm (i.d.), J & W Scientific) 

column. Low ionization energy (13-16 eV) was used in the mass spectrometer in order to 

reduce the fragmentation of the parent ion. The M-1 peak (loss of H) was always less than 

9%. All deuterium exchange data were corrected^l by comparing to similar data for 

authentic, unreacted samples; this allowed for correction of naturally occurring %, 13C and 

34s and of the parent ion fragmentation. The resulting data were expressed as a deuterium 

distribution, do, di..., dn, where d, is the fraction of the component containing i D atoms. 

This distribution can be represented as an average number of deuterium atoms per molecule, 

or deuterium number (D.N.) calculated using equation 2, where n is the total number of 

H atoms in the molecule. The total numbers of D atoms in each position on 1,3-butadiene 

(DA, DB, DC, Figure 1) were calculated using equation 3 where i is the DA, DG, or DC 

n 
D.N. = Lidi (2) 

(3) 

position, and I, is the integral of the corresponding peaks in the % NMR spectrum. 
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EXPERIMENTAL RESULTS 

Deuterodesulfurization of Thiophene. Experiment A (eq 4) 

Product distributions for reactions of thiophene under steady state conditions with 

deuterium gas (eq 4) at six different catalyst loadings of PbMog ̂ Sg at 400 ± 1 °C are shown 

in Table 2. No hydrogenated thiophenes (2,3-DHT, 2,5-DHT or THT), butanethiol or 

butane were detected under these conditions. The catalyst loading was varied to produce 

different levels of thiophene conversion to C4 products. The relative amounts of cis- and 

rra/w-2-butenes decrease as thiophene conversion decreases, with only trace amounts (< 

0.5%) detected at the lowest conversion (0.86%). On the other hand, the relative amounts of 

1-butene and BDE increase as conversion decreases; the increase in BDE is consistent with it 

being the initial product of HDS. The amount of 1-butene is always in excess of the 

equilibrium distribution at 400 °C (equilibrium at 400 °C: 20% 1-butene, 49% rra«.y-2-butene; 

31% c;j-2-butene),^ which is consistent with it being formed as the initial product of BDE 

hydrogénation. It is unlikely that 1-butene is the initial product which dehydrogenates to 

butadiene under the D2 atmosphere. This is supported by the observation that 1-butene, 

when passed over PbMo6.2S8 at 400 °C, produces no BDE.6 

Deuterium distributions in the unreacted thiophene and BDE products at different 

catalyst loadings are shown in Table 3. The reaction run numbers in Table 3 correspond to 

those in Table 2. Thiophene deuterium numbers (D.N.) decrease (0.42-0.05) with 

decreasing thiophene conversion (10.2-0.86%). A plot (Figure 7) of thiophene D.N. against 

thiophene conversion is nearly linear, as would be expected from the decreased residence 

(4) 
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Table 2. Percent Conversion and Product Distribution from Thiophene 

Deuterodesulfurization over PbRfo&^Sg at 400 °C 

(Experiment A).» 

Reaction Number 

1 2 3 4 5 6 

g catalyst 0.403 0.265 0.327 0.195 0.126 0.110 

% Thiophene 89.8 91.8 91.9 93.2 97.4 99.1 

% C4's 10.2 8.20 8.09 6.81 2.63 0.86 

% 1-Butene^ 47.7 49.8 52.0 53.3 67.7 70.8 

% cis-2 Butene^ 22.0 20.9 19.4 19.2 10.7 trace 

% rra/w-2-Butene^ 26.7 24.5 23.9 21.9 11.5 trace 

% 1,3-Butadiene^ 3.50 4.51 4.67 5.65 10.1 29.2 

^ Thiophene flow rate is 0.12 mL/h (2.5 x lO'^ mol/min); D2 flow rate is 31 mL/min (1.3 x 

10"3 mol/min). 

^ Percent of the C4 hydrocarbons formed. 

time in the catalyst bed. Thus, the amount of deuterium exchange on thiophene is dependent 

on the amount of conversion. 

The sites (Figure 1) of deuterium exchange in thiophene and BDE can be determined by 

integrating peaks in the NMR spectrum. A typical NMR spectrum of the olefinic 

region is shown in Figure 8. The peaks are slightly broadened as compared to an 'H NMR 

spectrum due to quadrupolar relaxation of the nuclei; however, the chemical shifts (in ppm) 

are essentially the same in the 'H and % NMR spectra of butadiene and butadiene-dg.^^' 
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Table 3. Deuterium Distribution and Deuteration Sites in 1,3-Butadiene and 

Thiophene Produced during Thiophene Deuterodesulfurizatlon over 

PbMog.zSg at 400 °C (Experiment A)." 

Reaction Numbers 

1 2 3 4 5 6 

do 0.0077 0.0105 0.0100 0.0110 0.0177 0.0255 

di 0.0573 0.0575 0.0586 0.0616 0.0255 0.0491 

di 0.172 0.168 0.159 0.147 0.121 0.176 

d3 0.297 0.259 0.298 0.300 0.254 0.301 

d4 0.252 0.281 0.264 0.261 0.278 0.275 

ds 0.158 0.166 0.157 0.165 0.227 0.145 

d6 0.0553 0.0576 0.0545 0.542 0.0775 , 0.0290 

BDE D.N. 3.42 3.47 3.44 3.45 3.74 3.30 

DA 0.79 0.81 0.78 0.86 0.91 0.85 

DB 1.41 1.38 1.36 1.36 1.40 1.19 

Dc 1.23 1.28 1.31 1.23 1.44 1.26 

DA.DB:DC 1:1.8:1.6 1:1.7:1.6 1:1.8:1.7 1:1.6:1.4 1:1.5:1.6 1:1.4:1.5 

Thiophene D.N. 0.42 0.32 0.29 0.23 0.08 0.05 

See footnote a in Table 2 for reactant amounts and conditions. 
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Figure 7. Change in thiophene D.N. and 1,3-butadiene D.N. with % thiophene conversion 

(Experiment A, eq 4). 
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H 

7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 ppm 

Figure 8. Olefinic region of an NMR spectrum of DDS reaction products. Labled peaks 

are as follows: Da, Dg, and De of 1,3-butadiene with labeled positions 

corresponding to those in Figure 1; E is the 2,5-positions on thiophene; F is CDCI3 

in CHCI3 solvent; G is the 3,4-positions on thiophene; H is 1-butene; I is 2-

butenes. 
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Coupling constants between two % atoms is usually only 2.3% of the corresponding 

coupling between two atoms; coupling between and % is about 15% of the 

corresponding coupling. Thus, ^H, coupling most likely accounts for the 

observed splittings in the % NMR spectrum (Figure 8). The peaks for thiophene (E, Ô 7.40 

ppm (s) and G, Ô 7.19 ppm (s) in Figure 8) indicate that most of the deuterium exchange 

(95%) occurs in the 2- and 5-positions rather than the 3,4-positions; predominant exchange in 

the 2,5-positions has also been observed over M0S2 and C0-M0/AI2O3.24.25 

Deuterium numbers calculated from the mass spectral data (eq 2) for BDE remain 

constant (average D.N. = 3.47) despite the decrease in thiophene conversion (Table 3, Figure 

7) from 10.2% to 0.86%. It is evident from the mass spectrometric data (Table 3), however, 

that there is considerable scrambling of hydrogen and deuterium in the BDE product since the 

BDE deuterium content ranges from do to dg; butadiene-dg and butadiene-d4 are the major 

BDE products. 

The amount of deuterium in each position (DA. DG, DC; Table 3) was calculated from 

the D.N. and integrals of the individual peaks in the % NMR spectra (eq 3). Peaks for 

butadiene (DA, 5 6.38 ppm (s); DG, S 5.25 ppm (m); Dc, 8 5.14 ppm (m); Figure 8) in the 

2h NMR spectra are easily distinguished from those of 1-butene (H, 5 5.90 (s) and 4.99 

ppm (d)) and the 2-butenes (I, S 5.47 ppm (d)) which allows the DA, Dg and Dc butadiene 

peaks to be integrated. The amount of deuterium in the Da position (0.78-0.91) (Table 3) is 

always less than that in either the Db (1.19-1.41) or Dc (1.23-1.44) positions. 

DOS of 2,5-DHT. Experiments B and C (eq 5) 

Product distributions the reaction of for 2,5-DHT with D2 (Experiment B) (eq 5) and 

(5) 



www.manaraa.com

134 

for the mixture of thiophene and 2,5-DHT with D2 (Experiment C) are shown in Table 4. 

The reaction of 2,5-DHT with D2 produces 27.7% BDE as the only desulfurized product; 

butenes are present in trace amounts (< 1%). The dehydrogenated product, thiophene is also 

detected. Thiophene was also detected from 2,5-DHT HDS over 5% Re/Al203 at 4(X) 

Although the amount of thiophene decreases from 52% at the beginning of the run to 15% 

after 6 h and the amount of unreacted 2,5-DHT increases from 25% to 61% during the same 

time, the amount of BDE remains constant. The 1,3-butadiene also incorporates virtually no 

deuterium (99% is do and di, D.N. = 0.04) as does thiophene (D.N. = 0.04) for samples 

collected over the 6 h duration of the run (Table 5); 2,5-DHT is all do. Although the amounts 

of thiophene and 2,5-DHT change during the run, there is no effect of this change on the 

incorporation of deuterium into butadiene or 2,5-DHT. 

When thiophene is added to 2,5-DHT (Experiment C) in a 2:1 mole ratio, the 

conversion to C4 products drops to 20.5% (Table 4), 91% of which is 1,3-butadiene. Thus, 

thiophene inhibits the decomposition of 2,5-DHT to BDE. Small amounts of 1-butene 

(4.7%), cw-2-butene (1.9%) and trans-2-buitnt (2.2%) are also detected; again 1-butene is in 

excess of the equilibrium distribution of butenes. At the beginning of the reaction, all of the 

2,5-DHT is converted to either C4 products or thiophenes; however, after 3 h, 2,5-DHT is 

detected and its concentration steadily increases to 8% after 6 h. Virtually no deuterium 

(Table 5) is incorporated into either 2,5-DHT (D.N. = 0.0) or thiophene (D.N. = 0.02), but 

the amount of deuterium in BDE (D.N. = 0.33) is greater than it was in the reaction 

(Experiment B) of just 2,5-DHT with D2. The deuterium in the BDE obtained from the 2,5-

DHT, thiophene, D2 reaction may come at least in part from the BDE produced from 

thiophene DDS. The ratio of deuterium in the DA, Dg and DC positions in BDE is the same 

as that obtained from thiophene DDS (Table 3). 
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Table 4. Product Distributions from Reactions of 0% with 2,5-DHT 

(Experiment B), 2,5-DHT and Thiophene (Experiment C), and HgS 

and 1,3-Butadiene (Experiment D) over PbMog ^Sg at 400 °C." 

Experiments 

B* Cc Dd EX 

g catalyst 0.210 0.210 0.200 0.200 

%C4's 27.7 20.5 100 100 

%T 52f-158 73/'-795 - -

% 2,5-DHT 25f-6l8 0^-8.35 - -

% 1-Butene < 1% 4.7 30.71 6.70 

% c/s-2-Butene trace 1.9 22.66 5.23 

% trans-2-Butene • trace 2.2 24.39 .5.71 

% Butadiene -99 -91 32.24 82.36 

^>2 flow is 31 mL/min (1.3 x lO"^ mol/min) for all reactions. 

^2,5-DHT flow rate was 0.12 mL/h (2.5 x 10"5 mol/min). 

^^2:1 mole ratio of thiophene (0.08 mL/h, 1.7 x 10"^ mol/min) and 2,5-DHT (0.04 mL/h, 8.3 

x 10'^ mol/min) in feed. 

^Low H2S flow of 0.043 mL/min (1.8 x 10'^ mol/min) and BDE flow of 0.048 mL/min (2.0 

X 10'^ mol/min). 

^High H2S flow of 0.74 mL/min (3.1 x 10"^ mol/min) and BDE flow of 0.048 mL/min (2.0 

X 10'^ mol/min). 

/Start of reaction. 

^After 6 h of continuous reaction. 
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Table 5. Deuterium Distribution in 1,3-Butadiene and Thiophene Produced 

in Reactions of D2 with 2,5-DHT (Experiment B), 2,5-DHT and 

Thiophene (Experiment C), H2S and 1,3 Butadiene (Experiments 

D), and Thiophene and 1,3 Butadiene (Experiment E).^ 

Experiments 

RB CP DD DE EF 

do 0.974 0.792 0.124 0.992 0.187 

di 0.019 0.130 0.157 0.008 0.270 

d2 0.004 0.044 0.221 - 0.285 

d3 0.002 0.024 0.229 - 0.146 

D4 - 0.009 0.165 - 0.078 

ds - 0.001 0.082 - 0.029 

d6 - - 0.022 - 0.005 

BDE D.N. 0.04 0.33 2.49 0.01 1.58 

DA 0.01 0.09 0.53 -g 0.29 

DB 0.02 0.13 1.04 - 0.64 

Dc 0.04 0.12 0.91 - 0.65 

Thiophene D.N. 0.04 0.02 - - 0.08 

2,5-DHT D.N. 0.0 0.0 
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Table 5. (continued) 

^^02 flow for all reactions was 31 mL/min (1.3 x lO'^ mol/min) over PbMo6.2S8 at 400 °C. 

^,5-DHT flow rate was 0.12 mL/h (2.5 x 10-5 mol/min). 

^2:1 mole ratio of thiophene (0.08 mL/h, 1.7 x 10-5 mol/min) and 2,5-DHT (0.04 mL/h, 8.3 

x 10-6 mol/min) in feed. 

4vOw H2S flow 0.043 mL/min (1.8 x 10-^ mol/min) and BDE flow of 0.048 mL/min (2.0 x 

10-6 mol/min). 

^High H2S flow 0.74 mL/min (3.1 x 10-5 mol/min) and BDE flow of 0.048 mL/min (2.0 x 

10-6 mol/min). 

/Thiophene flow of 0.12 mL/min (2.5 x 10*5 mol/min) and BDE flow of 0.18 mL/min (7.5 x 

10-6 mol/min). 

5No BDE is detected in NMR. 
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Reaction of 1,3 Butadiene, H2S and D2. Experiment D (eq 6) 

The BDE flow rate (eq 6) was set (0.048 mL/min, 2.0 x 10-6 mol/min) at a level 

corresponding to the amount of C4 products observed at 10% thiophene conversion 

(Experiment A). In separate reactions, the flow of H2S was set at a level corresponding to 

the equivalent amount of thiophene (0.74 mL/min, 3.1 x lO'S mol/min) and at the amount 

corresponding to the H2S produced during thiophene HDS (0.043 mL/min, 1.8 x 10 6 

mol/min). The H2S and BDE were passed over the catalyst together with D2 gas at a flow 

rate of 31 mL/min (1.3 x 10"^ mol/min). The C4 product distributions are shown in Table 4. 

At both H2S flow rates, the C4 product distribution remained constant for the entire reaction 

(6 h and 12 h) indicating steady state conditions were achieved. The effect of catalyst 

poisoning by H2S is seen in the product distributions; at the lower H2S flow rate, 78% of the 

BDE is hydrogenated compared to only 18% at the higher H2S flow rate. In both cases, 1-

butene is in excess of the equilibrium values for butenes at 400 °C.5 

The deuterium content in BDE from the reactions of H2S, BDE and D2 (Table 5), also 

show the effect of catalyst poisoning. At the lower H2S flow (0.043 mL/min, 1.8 x 10-6 

mol/min), the D.N. is 2.49 (90% dg-d^), indicating that butadiene undergoes significant 

exchange over the HDS catalyst. However, at the higher H2S flow (0.74 mL/min, 3.1 x 10-5 

mol /min) where the number of moles of H2S feed is similar to that of thiophene in thiophene 

DDS (Experiment A) (2.5 x 10-^ mol/min of thiophene), 99% of the butadiene does not 

undergo deuterium exchange (D.N. = 0.01). Since the amount of H2S produced in the DDS 

of thiophene is similar to that in the lower H2S experiment, it seems likely that the formed 

Dx 
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D2S (or H2S) in the DDS of T will not completely inhibit deuterium exchange with the 

butadiene that is formed. However, the large excess of thiophene may be sufficient to 

essentially prevent this exchange as suggested by other experiments. 

Reaction of Thiophene, BDE and D2. Reaction E (eq 7) 

The flow rate of BDE (0.18 mL/min, 7.6 x 10"^ mol/min) was set at approximately six 

times the amount of C4 products produced during thiophene DDS (Experiment A, eq 4) at 5% 

thiophene conversion. Thus, the majority of BDE trapped and analyzed should be from the 

added BDE and not a product of thiophene DDS. Without thiophene in the feed stream, but 

otherwise using the same conditions, BDE is completely hydrogenated to 1-butene and a's-

and rra«j-2-butenes at 4(X) °C over PbMo6.2S8- No butane is detected. A small amount of 

cracking (5%) to C3 and C2 products is also observed. Thus, thiophene in the reactant feed 

inhibits BDE hydrogénation. This reaction (eq 7), however, does not achieve steady state 

conditions. Figure 9 shows a dramatic change in C4 product distribution during the 12 h 

reaction. The relative amount of 1-butene stays constant; BDE increases while cis- and trans-

2-butene decrease. There is always an excess of 1-butene over the equilibrium value for the 

1- and 2-butenes at 400 °C.^ The D.N. of BDE is significantly less (1.58) (Table 5) than that 

of BDE from thiophene DDS. Only 0.29 D atoms (eq 3) are in the D/^-position, indicating 

Dx 
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Figure 9. Change in product distribution with time for the reaction of thiophene, 1,3-

butadiene and D2 over PbMo6.2S8 at 400 °C (Experiment E, eq 7). 
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that most of the deuterium exchanges into the Dg- and Depositions. Since the reaction does 

not achieve a steady state, the catalyst is changing during the course of the reaction, and the 

results cannot be compared with data from the other reactions that are obtained under steady 

state conditions. 
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DISCUSSION OF RESULTS 

1,3 Butadiene as the Initial HDS Product 

The results of our study of thiophene DDS (Experiment A, eq 4) indicate that BDE is 

the first desulfurized product, which is subsequently hydrogenated to give the observed C4 

product distribution. This conclusion is supported by the following discussion. First, the 

relative amount of butadiene (Table 2) increases with decreasing thiophene conversion. This 

same trend, indicative of a sequential pathway, has been observed over other Chevrel phase 

catalysts'^ and over MoS2.^^ Second, the 1-butene produced during the reaction (Table 2) is 

always in excess of the equilibrium distribution of butenes^ at 400 °C; 1-butene is also in 

excess during the hydrogénation of BDE in a BDE and H2S mixture (Experiment D) and over 

M0S2.26 Third, hydrogénation of 1-butene over PbMo6.2S8 and other Chevrel phase 

catalysts^ does not produce BDE. Thus, the evidence strongly supports the conclusion that 

the BDE produced in our reactions (Experiment A) is the first product of thiophene DDS. 

Deuterium Content in 1,3-Butadiene 

The deuterium observed experimentally in BDE formed during thiophene DDS could be 

incorporated at any of three stages of the reaction (eq 8): in stage (i), thiophene itself could 

HDSorDDS 

(ii) 

exchange to incorporate x deuterium atoms; in stage (ii), the thiophene undergoes HDS to 

give BDE, which must incorporate at least two deuteriums in order to form BDE but could 

contain a total of y deuterium atoms; in stage (iii), the formed BDE may undergo exchange to 



www.manaraa.com

143 

incorporate z deuterium atoms. So the total deuterium content in the final BDE is the sum (x 

+ y + z) gained in each of the three stages. We want to know the amount of deuterium (Dy) 

incorporated in only the DDS stage (ii) of the reaction. In order to establish Dy, the number 

of deuteriums gained during just the DDS portion of the process (stage ii), it is necessary to 

determine D* and Dz in stages (i) and (iii); D* and Dz are discussed below. 

It is entirely possible that deuterium incorporation will occur in stage (i) as thiophene is 

known to undergo deuterium exchange (eq 9), primarily into the a-position, over a variety of 

HDS catalysts,24.25 including PbMoe.zSg.^ In this study, D exchange of the a-protons on 

thiophene during DDS over PbMoG.iSg varies with the amount of thiophene conversion 

(Experiment A, Tables 2 and 3, Figure 7). At the highest conversion of 10.2%, the D.N. is 

equal to 0.42; this drops to 0.05 at the lowest conversion (0.86%). Thus, deuterium 

incorporation in stage (i) is relatively small with Dx ranging from D0.4 to Dq.i or less, and 

almost all of this deuterium would appear in the Dg and Dc positions (Figure 1) of the BDE 

product. 

Our results indicate that in stage (iii) (eq 8) the BDE does not undergo deuterium 

exchange; thus, Dz is Dq. The lack of deuterium exchange in the formed BDE appears to 

result from HgS/thiophene deactivation of the exchange sites. These conclusions are 

supported by the following results, (a) At different levels of thiophene conversion, the 

deuterium content (D.N. = 3.47) of BDE remains virtually constant (Tables 2 and 3, Figure 

7). If deuterium were exchanging with the formed BDE, a decrease in D.N. with decreasing 

thiophene conversion would be expected. Deuterium exchange of thiophene itself shows this 

trend (Figure 7). (b) Butadiene can be formed in situ by passing 2,5-DHT with D2 over the 

400 °C 

cat. (9) 
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PbMo6.2S8 catalyst. This is also known to occur in reactions of 2,5-DHT with H2 over 5% 

Re/Al203 (7b); in addition, BDE is liberated when 2,5-DHT adsorbs to a Mo(l 10) single 

crystal surface,27 and organometallic complexes containing 2,5-DHT as a ligand^c. 28 liberate 

BDE when heated. In the present studies, 2,5-DHT (0.12 mL/h, 2.5 x lO'^ mol/min) when 

passed with D] over PbMog ̂ Sg gives BDE as the only C4 hydrocarbon product (Experiment 

B, Table 4). The BDE formed is 97.4% do (D.N. = 0.04, Table 5) indicating that the BDE 

does not exchange significantly with deuterium under these conditions. Similar results were 

obtained for the DDS of 2,5-DHT over 5% Re/Al203 at 300 °C, where BDE incorporated 

slightly more deuterium (D.N. =0.51) (7b). When thiophene, 2,5-DHT and D2 were reacted 

(Experiment C, Tables 4, 5), the resulting BDE contains more deuterium (D.N. = 0.33) than 

that obtained from only 2,5-DHT and D2 (DN = 0.04). The higher BDE deuterium content in 

this reaction (Experiment C) appears to result from the BDE produced in the DDS of 

thiophene. Assuming 5% conversion of thiophene (based on the amount of catalyst), this 

reaction was run with 10 equivalents of 2,5-DHT for every mole of BDE produced from 

thiophene. The BDE D.N. of 0.33 is 1/10 of that produced from just thiophene DDS and the 

ratio Da:Db:Dc are similar to those in BDE produced in the DDS of thiophene (Experiment 

A). This suggests that deuterium is incorporated only into BDE from thiophene DDS, not 

from 2,5-DHT DDS. (c) H2S inhibits both the hydrogénation and the deuterium exchange 

(Experiment D, Tables 4,5) of BDE over this catalyst. Complete hydrogénation of BDE to 

butenes is observed over PbMo6.2S8 at 400 °C; however, when H2S (3.1 x lO"^ mol/min) is 

added to the feed at a level similar to that of thiophene (2.5 x 10 5 mol/min) and the butadiene 

flow (2.0 X 10-6 mol/min) is similar to that of the C4 products obtained from 10% thiophene 

conversion, 82% of the 1,3-butadiene passes through unhydrogenated and unexchanged 

(99%-do). Results from static reactor studies of BDE and D2 over MoS22^^ and mixtures of 

DgS and BDE over MoS22^b also indicate that BDE does not undergo exchange. In these 
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MoS2 studies, greater than 94% of the BDE did not exchange. Thus, the above studies 

indicate that once BDE is formed from thiophene, it is either hydrogenated to 1-butene, or it 

passes through the catalyst without undergoing exchange. This is not unreasonable as BDE 

is very active toward hydrogénation, such that, once in contact with an active site, 

hydrogénation of BDE is faster than deuterium exchange. Thiophene, H2S and 2,5-DHT all 

poison the catalyst, inhibiting both the hydrogénation and deuterium exchange of butadiene 

under these conditions. 

The HDS Mechanism 

Based on the above discussion, we can estimate that of the 3.47 D atoms found in the 

BDE resulting from the DDS of thiophene over PbMog ̂ Sg at 400 °C, 0.1-0.4 D are 

introduced in stage (i) (eq 8); this exchange of D into thiophenes before DDS occurs will 

introduce 0.1-0.4 D into the Dg and Dc positions of the 1,3-butadiene product. Using an 

average value of 0.3 D for stage (i), this means that of the total 3.47 D observed in the BDE 

3.2 D are introduced in the HDS step, stage (ii), of the reaction. Of these 3.2 deuteriums, 

0.83 D are in the D^-position and approximately 1.2 D are in each of the Db and Dc 

positions. Any mechanism for HDS must account for this number and distribution of 

deuterium atoms in the BDE, but it must also account for the fact that there is considerable 

scrambling of deuterium atoms during HDS that accounts for butadiene with D content 

ranging from do (1.2%) to dô (5.5%) but mostly dg (28%) and 64 (27%) (Table 3). All of 

the mechanisms discussed in the Introduction and summarized in Table 1 involve processes 

that give specific numbers of deuteriums in specific positions; none accounts for the 

formation of d© or dg, for example. Although some of these species are formed in low 

amounts, there must be a scrambling step in the HDS process that allows their formation. 

Since the scrambling is likely to involve surface deuterium atoms, any such scrambling will 
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likely add deuteriums to the number introduced by the DDS process itself. Thus, of the 3.2 

deuteriums introduced in stage (ii) most were probably added during the DDS process, but 

some may have been added by scrambling. Any mechanisms that produce BDE with more 

than 3.2 D are inconsistent with the results. This eliminates the mechanisms (Table 1) in 

Figures 4 and 5 as pathways for thiophene HDS over this catalyst (PbMog.aSg) under these 

conditions. Both of these mechanisms are also inconsistent with the number of deuteriums at 

the Da position, since they both predict 1.5-2.0 D in this position, whereas only 0.83 D are 

observed. 

The mechanism in Figure 3 proposed by Kwart, Schuit and Gates^^ {g possibly 

consistent wi th  ou r  r e su l t s  depend ing  on  which  pa thway  ( s t eps  c ,  d , f ,  g  and  h  or  s t eps  e , f  

and 0 predominates (Table 1). The first pathway (steps c, d,f, g and h) introduces as many 

as 3.5 D atoms into BDE with up to 1.5 D atoms in the DA-position, if one assumes a 

deuterium isotope effect^ (C-H bonds are much weaker than C-D bonds). This mechanism 

would not be consistent with the experimental results as more than 3.2 D are predicted for 

BDE wi th  more  than  0 .83  D  in  the  A-pos i t ion .  However ,  t he  l a t t e r  pa thway  ( s t eps  e , fand  i )  

leads to 2.0 D atoms incorporated in the Dg- and Depositions of BDE; thus, this mechanism 

is consistent with our results if a scrambling mechanism is included. Also, if both pathways 

are involved, they may together account for the observed amount of deuterium in BDE, the 

amount of deuterium in the DA-position, as well as provide a mechanism for the scrambling 

seen in d2-d4; yet it still does not account for butadiene-do and -di. 

The mechanisms in Figures 2 and 6 are also consistent with the BDE deuterium results. 

Since the mechanism in Figure 2^ introduces a maximum of 2.8 D atoms during the HDS 

process, the additional 0.4 D atoms must be added during a scrambling step. That this can 

occur is supported by the observation^^ that the DDS of 2,3-DHT (product of step (b) in 

Figure 2) over 5% Re/Al203 at 300 °C introduces 1.20 D atoms, mainly at the olefinic 
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positions, into the unconverted 2,3-DHT; the BDE produced from this reaction contains 4.06 

D atoms. Thus 2,3-DHT is an intermediate that may account for the extra D incorporation 

and the scrambling of D atoms which results in the dg-dg distribution in the BDE. It is 

unlikely however, that scrambling occurs in the 2,5-DHT intermediate (product of step (c)) 

since the BDE produced in the DDS of 2,5-DHT over PbMo6.2S8 (Table 4, Experiments B 

and C) is 97% do, and 2,5-DHT incorporates no deuterium. 

Another mechanism that is consistent with the results of this work is shown in Figure 

The mechanism itself accounts for the incorporation of only two deuterium atoms (Table 

1) into BDE (step f). Deuterium exchange with one or more of the intermediates in this 

mechanism would account for the incorporation of D atoms in the D/^-position and the do-de 

distribution. In this case, however, there are no reported studies of D exchange with the 

intermediates. The other mechanisms^^-lS which result in the addition of two D atoms to the 

Db- and Dc-positions are also consistent with the results of this study for the same reasons. 
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CONCLUSION 

The results of this study indicate that a mechanism for thiophene HDS over PbMog ^Sg 

must account for a maximum of 3.2 deuterium atoms being incorporated into 1,3-butadiene 

including 0.83 D in the D^-position and 1.2 D atoms in each of the DB- and Depositions. 

Two mechanisms (Figures 4, 5) can be ruled out as they predict more deuterium per 

butadiene molecule than is found in these studies. Other mechanisms (Figures 2, 3 and 6) 

which predict fewer than 3.2 deuteriums in each 1,3-butadiene molecule, are consistent with 

the results of this study, assuming that there is a scrambling step which increases the overall 

deuterium content and yields the observed do-dg distribution of deuterated butadiene. 
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APPENDIX 

The microreactor in 2311 Oilman Hall is designed for the study of gas phase reactions 

of heterogeneously-catalyzed reactions. This appendix is designed to be a detailed guide for 

operation of the microreactor^ as well as an aid in calculating the deuterium distribution from 

the mass spectra and calculating the amount of deuterium at each position in 1,3-butadiene, 

thiophene and 2,5-dihydrothiophene. 

Microreactor Design 

The microreactor system is illustrated schematically in Figure 1. Listings of 

equipment manufacturers and feed component sources are shown in Tables 1 and 2. 

Hydrogen, deuterium and helium gases are purified by 5Â molecular sieves to remove H2O, 

activated charcoal to remove residual hydrocarbons and copper/oxygen traps to remove O2, 

and a 5 |im filter. The reactor is designed to allow the simultaneous flow of up to four gases 

(e.g. H2, He, 1,3-butadiene and H2S). Flow of each gas is controlled separately by a needle 

valve and controlled and monitored on rotameters (calibrated with a bubble meter); the 

manifold system of 3-way valves allows the selection of any combination of the four feed 

gasses plus the purging of the manifold dead volumes. A tiiree-way valve allows immediate 

switching of H2 to D2 during the reaction, while only H2 is used to run the flame ionization 

detector (FID) on the G.C.. Thiophene is injected into the system using a Sage 341A syringe 

pump equipped with a 2.5 mL gas-tight syringe. Thiophene is vaporized and mixed with the 

carrier gas in the saturator, a 0.5 in x 6 in stainless steel (s.s.) tube packed with 5 mm glass 

beads. In order to ensure that the thiophene is vaporized, all of the feed lines leading to and 

from the reactor furnace as well as the valves and the saturator are heated using heating tape. 
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Table 1. Microreactor Equipment 

Part Name (Catalog No.) Source 1987-88 Unit Price 

5Â molecular sieve trap (8125) All tech $55.00 

activated charcoal trap (8129) All tech $58.00 

oxy-trap (4002) AUtech $49.50 

5 pm filter (SS-4F-7) Swagelok $30.80 

pressure regulator (2-3748) Supelco, Inc. $48.00 

3-way ballvalve (SS-43XS4) Swagelok $47.60 

3-way ballvalve (SS-41XS2) Swagelok $48.70 

needle valve (SS-4MG) Swagelok $52.60 

toggle valve (SS-1GS4) Swagelok $33.30 

2.5 mL syringe (A1161) Anspec $35.00 

Sage syringe pump 341A (14-831-40) Fisher $750.00 

4-port valve (39104) AUtech $175.00 

6-port valve (39110) AUtech $275.00 

10-port valve (39120) AUtech $300.00 

Rotameter, He (7910) AUtech $140.00 

Rotameter, H2 (7912) AUtech $140.00 

Rotameter, N2 (7912) AUtech $140.00 

1 mL sample loop (91102) AUtech $10.00 

0.19% picric acid column AUtech $72.00 

Porapak Q column AUtech $40.00 

Temperature Controller Omega $300 
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Table 2. Feed Components 

Feed (purity) Source 

Hydrogen (99.997 %) 

Helium (99.997 %, <0.5 ppm total hydrocarbons) 

1,3-butadiene (99.0 %) 

Air (< 1 ppm total hydrocarbon) Air Products 

Air Products 

Matheson 

Air Products 

Deuterium (99.99 %) 

Thiophene (99 %) Aldrich 

Air Products 

Hydrogen Sulfide (99.5%) Matheson 

controlled by variacs and monitored with thermocouples. The reactor bed is heated in a 

furnace controlled by a variac and a temperature controller 

Microreactor Function 

Switching of the gases in the reactor is accomplished using two 6-port valves and one 

4-port valve that are enclosed and heated. The diagrams in Figure 2 are of the flow through 

the 6-port valves in the different valve positions. The arrows on the lines outside of the valve 

circle indicate the flow direction in and out of the valves. The arrow in the center of the 

individual valve diagram indicates the direction of the valve handle. (Note: there is no mid-

valve position; the manufacturer suggests that the valve never be left in a mid, or partially, 
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Figure 2. 6-Port Reactor Valves for G.C. Sampling and Pulse- and Continuous-Flow. 
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actuated positions.) The middle 6-port valve switches the system between pulse- and 

continuous-flow modes. In the continuous-flow mode, the upper 6-port valve allows 1.0 mL 

samples of the reaction products to be injected from the sample loop onto the G.C. Helium 

gas passing through the valves acts to inject the sample onto the G.C. column when the upper 

6-port valve handle is moved from right to left. When the middle 6-port valve is moved to 

the left to the pulse flow mode, the upper 6-port valve injects a 1.00 mL pulse of the feed 

stream through the reactor when the handle is moved from right to left (pulses of feed flow 

through the reactor at the same flow rate as the G.C. column, not the rate of the feed stream) 

and into the G.C.. When switching from continuous-flow to pulse-flow, all lines below the 

middle 6-port valve contain reactants, which are flushed directly into the G.C. column being 

used at that time. It is easier to use the shorter Poropak Q column to make this valve switch. 

Figure 3 shows the lower 4-port valve of the reactor and the reactor bed. This valve 

is used to shut off and bypass flow from the reactor. This valve with the reactor bed can then 

be removed to allow the catalyst to be loaded and unloaded in a dry box. The catalyst bed is a 

1.5 in X 1/4 in (o.d.) section of stainless steel tubing. The catalyst is held in place between 

two pads of quartz wool (quartz wool is used due to its higher melting point compared to 

glass wool). The reactor bed is mounted to the 4-port valve, extending below the heated 

valve box and into the furnace. 

On-Line Gas Chromatography 

Figure 4 shows the two valves in the analytical section of the G.C. These valves are 

mounted directiy on the side of a Varian 3400 gas chromatograph equipped with a flame 

ionization detector (FID). Peaks were detected on a Varian 4270 integrator. The upper 4-

port valve allows the column flow to be reversed, or backflushed. The lower 10-port valve 
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switches between two available columns, either the picric acid column or the poropak Q 

column. With this design the column not being used maintains a He flow at all times. 

Figure 5 shows a typical gas chromatogram from the reaction of thiophene with either 

H2 or D2 over PbMo6.2S8. The chromatogram was obtained from a 6 ft x 1/8 in stainless 

steel, 0.19% picric acid on Graphpak C column. The column was held at 40 °C for 5 min 

followed by a 35 ° / min ramp to 65 °C. This temperature was held for 2 min. The column 

temperature was then ramped to 85 °C. When this second ramp started, the 4-port valve was 

used to backflush the column, driving off thiophene. The C4 gasses separated in the 

following order: 1-butene (rt =3.4 ) > cis-2-butene (rt = 4.6) > trans-2-butene (rt = 5.2) > 

1,3-butadiene (rt =6.1). 

Deuterium Distribution Calculations 

Products from the microreactor were trapped at the 6-port valve vent (Figures 1 and 

2) in a pyrex tube containing 5 mm glass beads and immersed in liquid nitrogen. Following 

the reaction, the trapped products are vacuum transferred into a 5 mm NMR tube containing 

0.50 mL of CHCI3 (dried over CaH2 and distilled under nitrogen) for analysis by NMR 

and mass spectrometry. The % NMR spectrum of each sample was recorded on a Varian 

VXR-300 spectrometer using CHCI3 as the internal lock and standard (S 7.24 ppm). The 

resolved 1,3-butadiene and thiophene peaks were integrated (see Figure 2, Section 5). 

The sample was then submitted to the mass spectrometry lab for deuterium analysis. 

The analyses were carried out on a Finnigan 4000 G.C.-M.S. data system. The C4 products 

separated on a GS-Alumina megabore column (J and W Scientific). The ionization energy of 

the mass spectrometer was reduced to 13 - 16 eV to minimize fragmentation of the parent ion 

(M-1). 
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The mass spectrum of 1,3-butadiene, thiophene and 2,5-dihydrothiophene from the 

HDS reactions provide a distribution of deuterated products, do, di,..., dp. These data 

have to be corrected, however, for the fragmentation of the parent ion and the natural 

abundance of heavy isotopes, %, and 34s. Each time samples from the reactor were 

submitted, an authentic standard sample of 1,3-butadiene, thiophene and 2,5-

dihydrothiophene in CHCL3 was also submitted to determine the following correction 

factors. 

The fragmentation factor, a, is a ratio of the intensity of the M-1 peak (loss of H) to 

die intensity of the parent ion, M (eq 1): 

Typical values for a are shown in Table 3. The actual value of a depends upon 

Table 3. Mass Spectral Correction Factors for 1,3 Butadiene, Thiophene and 

a M-1 peak intensity (1) 

M peak intensity 

2,5-Dihydrothiopliene 

Product a Pi P2 

1,3-butadiene 

thiophene 

2,5-dihydrothiophene 0.088 

0 

0.090 

0.068 

0.056 

0.045 

0.051 

0.048 
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spectrometer operation conditions, and thus varied somewhat. No M-1 was ever detected for 

T. The peaks for M-2 were always less than 0.5 % and thus, neglected. 

The correction factors. Pi (for naturally occurring % and and P2 (for naturally 

occurring 34$) for naturally occurring heavy isotopes, is the ratio of the intensity of the M+1 

and M+2 peaks to the intensity of the parent ion (eq 2 and 3): 

_ M+1 peak intensity (2) 
M peak intensity 

„ _ M+2 peak intensity (3) 

M peak intensity 

Typical values for pi and P2 are found in Table 3. 

While the following discussion describes a common method for correcting the 

deuterium distribution,^ (this same method is used by McCarty and Schrader.3) it is based on 

two critical assumptions, which may be a source of error. First, it is assumed that and 

are lost with equal probability; a qualitative argument suggests, however, that protium is lost 

preferentially.^ Second, the molar mass intensities at all deuterated isomers are assumed to 

be equal. Significant error may also be introduced using these assumptions.^ However, the 

only alternative would be to determine the mass spectrum for each of the deuterated isomers, 

a Ph.D. project in itself. 

The mass spectral data for 1,3-butadiene is corrected as follows. Let 0, be the 

uncorrected intensity for the isomer containing i deuterium atoms, and let ©j be the coirected 

intensity. For i = 6 and 5, this gives eq 4 and 5. 

©6 = <I>6 - ©sP 

®5 = *1^5 - ©4p 

(4) 

(5) 
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Combining these two equations and dropping the second order terms gives eq 6. 

©6 = <>6 - (6) 

The intensity correction for i = 4 (eq 7) includes the fragmentation factor, a. 

©4 = 04- 03P - (l/6)©5a - (6/6)©6a (7) 

Substitution into eq (2) gives eq (8) after dropping second order terms. 

©5 = ^5 - ^4p (8) 

Following this pattern of dropping second order terms gives a general equation (eq 9) for 

correction of i = 4, 3, 2 and 1. 

©i = 0,- Oi-iP - (5-i/6)©i+ia - (i+2/6)0i+2a (9) 

for i = 4,3,2,1 

The peak for i = 0 is corrected using equation (10). 

©0 = ^0 - (5/6)©ia - (2/6)©2CX (10) 

Once the peak intensities have been corrected, the relative amounts of deuterium, d,, 

for each fragment is calculated using equation (11). The numbers 
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_ ®i (11) 

" Z ©i 

do - dg make up the deuterium distribution, the relative amounts of deuterium contained in 

each isomer. From this distribution of dj, the average amount of deuterium per molecule of 

1,3-butadiene, or the Deuterium Number (D. N.), is calculated using equation (12). 

D. N. = Zidi (12) 

Table 4. Mass Spectral Correction Data for 1,3-Butadiene from the 

Deuterodesulfurization of Thiophene at 400 °C over PbMog ^Sg. 

i C); 0i P a di D.N, 

6 5686 4988 0.0451 0.0903 0.07270 3.76 

5 15460 14461 0.21076 

4 22124 20534 0.29926 

3 20424 18229 0.26566 

2 10837 8640 0.12592 

I 3054 1690 0.02463 

0 462 75 0.00109 
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Plugging the uncorrected mass data into these equations, starting with eq 1, gives a typical 

distribution as shown in Table 4. 

The corrections for thiophene and 2,5-dihydrothiophene are similar. In both these 

cases the correction for 34s (P2) is required. However, no M-1 peak was ever detected for 

thiophene. The equations for thiophene correction follow (eq 13 - 16). 

©i = Oj - Oi-iPi - <I)i.2P2 (13) 

i=4, 3, 2 for thiophene 

0 j = O i - < I ) o P i  ( 1 4 )  

©0 = O0 (15) 

The equations for 2,5-dihydrothiophene are as follows (eq 16 - 19). 

0; = Oj - Oi-1 Pi - 0i.2P2 ( 16) 

i=6, 5 

0i = (Dr ^i-iPi - ^i.2p2 - (5-i/6)0i+ia - (i+2/6)0i+2a (17) 

1 = 4,3.2 

©1 = Oi - OoPi - (4/6)©2a - (3/6)03a (18) 

©0 = Oq - (5/6)0ia - (2/6)©2a (19) 
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The deuterium distributions for both thiophene and 2,5-dihydrothiophene are calculated using 

equation (11) and the D. N. is calculated using equation (12). 

Once the DN is calculated, this number is combined with the integrals from the 

NMR in order to determine the number of D atoms at each position on each 1,3-butadiene 

molecule. The deuterium at each position A, B and C is determined from equation (20), 

where X = A, B and C and I is the integral of each peak in the NMR spectrum. 

Dx = (DN) (2°) 

Z I x  
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GENERAL SUMMARY 

This research indicates that, although thiophene and its methyl- and benzo-substituted 

derivatives are weakly binding ligands in organometallic complexes, stable T|l(S)-bound 

complexes, Cp(C0)2Ru(Tll(S)-Th)+ and Cp(C0)(PPh3)Ru(Til(S)-Th)+ (Th = T, 2-MeT, 3-

MeT, 2,5-Me2T, Me4T, BT and DBT), are formed. Once synthesized, these complexes are 

used to determine the relative binding strengths of the substituted thiophenes through 

equilibrium and kinetic studies of thiophene replacement. In general, increasing the number 

of methyl groups on thiophene increases its ability to bind through the S atom to the 

Cp(C0)2Ru+ fragment (T < 2-MeT < 3-MeT < 2,5-Me2T < Me4T). Thus, there is no steric 

interaction between the a-methyl groups on thiophene and metal center, as was previously 

suggested. However, replacing one CO at the metal center with a bulky PPhg ligand creates a 

steric interaction between the a-methyl groups on thiophene and the phenyl rings on 

phosphine, reducing the relative binding abilities of 2,5-Me2T and Me4T. 

These studies also indicate that the binding ofT|l(S)-thiophenes increases with benzo-

substitution as well (T < BT < DBT). TheT|l(S)-BT complexes, Cp(PMe3)2Ru(T| l(S)-BT)+ 

and Cp(C0)(PPh3)Ru(r|HS)-BT)+, are also synthesized by protonation of the corresponding 

benzothienyl complexes with CF3SO3H. 

In the reactor studies of thiophene deuterodesulfurization, the first desulfurized 

product, 1,3-butadiene, incorporates 3.47 D atoms during the reaction at 400 °C at 

PbMo6.2S8. Between 0.1 and 0.4 D atoms are incorporated during deuterium exchange of 

thiophene before desulfurization. The 1,3-butadiene, however, does not exchange after it is 

formed on the catalyst, as indicated by the constant deuterium number (D.N.) over a range of 

thiophene conversions. Reactions of 2,5-DHT with D2 also produces butadiene with almost 

no deuterium. Reactions of 1,3-butadiene with H2S and D2 indicate that H2S inhibits both 

butadiene hydrogénation and deuterium exchange. 
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