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Hydrodesulfurization? (HDS) of benzo[b]thiophene (BT) over
Co-Mo/Al,Os catalysts to give ethylbenzene and H,S is proposed
to occur by two mechanistic pathways:? either by initial
hydrogenation to give 2,3-dihydrobenzothiophene followed by
desulfurization to form the final products or by initial desulfu-
rization to give vinylbenzene followed by hydrogenation to
ethylbenzene. 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 D, over HDS catalysts, occurs predominantly in the 2- and
3-positions#® 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 deu-
terium from the surface to give deuterated BT. Only the
mechanism for deuteration at C2 is shown in Figure 1.

Recent investigations of BT binding in organometallic com-
plexes have indicated some possible modes for its binding to the
catalyst surface:
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Benzothiophene binds more strongly through the S atom than
thiophene yet more weakly than dibenzothiophene as determined
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Figure 1. Cowley’s proposed mechanism* for deuterium exchange of H
at the 2-position.

by equilibrium and kinetic studies® of these and other 5!(S)-
thiophenes (Th) in Cp(CO),Ru(»!(S)-Th)* and Cp(CO)(PPh;)-
Ru(9!(S)-Th)*. Of the other known »!(S)-BT complexes,
Cp(CO),Fe(n'(S)-BT)* 7 and Cp’(CO),Re(n!(S)-BT)¢ (Cp’ =
»-CsHs, 75-CsMes), Cp’(CO),Re(n!(S)-BT) is in equilibrium
with its 2,3-n2-bound isomer. At present, there is no evidence
that 5!(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.45
Deuterium exchange of 2,3-n2-bound BT by cis-dideuteration
followed by H; elimination would lead to equal deuteration in the
2- and 3-positions. However, results of Cowley* and our group’
show that exchange occurs faster in the 2- than in the 3-position,
which suggests that 2,3-n2 adsorption of BT is not involved in
deuterium exchange on the catalysts. The third known mode of
coordination, 7%, is observed in CpM(7%-BT)* (M = Rh, Ir),*
CpRu(75-BT)**19and (CO);Cr(n®-BT).!! However, since base-
catalyzed deuterium exchange’ in Cp(Ru)(®-BT)* occurs pri-
marily at the 2- and 7-positions rather than at the 2- and
3-positions, nS-coordination of BT does not account for the
observed 2- and 3-exchange observed on HDS catalysts.

In order to probe the possibility that o-coordination of
2-benzothienyl (2-BTyl) to a metal accounts for deuterium
exchange at the 2-position as proposed by Cowley (Figure 1),
we describe herein the synthesis of 2-BTyl complexes of Ru and
examine their reactions with CF;SO,H.
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Experimental Section

General Procedures. The IR spectra were taken in CH,Cl, on a Nicolet
710 FT-IR spectrometer. The 'H NMR spectra were recorded on either
a Nicolet NT-300 or a Varian VXR-300 spectrometer using deuterated
solvents as the internal lock. The 1*C{'"H} NMR spectra were taken on
either a Bruker WM-200 or a Varian VXR-300 spectrometer using
deuterated solvents as the internal lock and reference (CDCls, 6 77.0;
CD,Cl,, 6 53.8; CD3NO,, 6 62.8). Fastatom bombardment (FAB) mass
spectra were obtained in a CH,Cl,/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.'? Solvents were dried under N, prior to use; hexanes
and CH,Cl, were distilled from CaH;, and THF and diethyl ether were
distilled from Na/benzophenone. Methanol wasdistilled from magnesium
alkoxide, which was generated from magnesium turnings and iodine in
absolute MeOH.!? Starting materials Cp(PMe;);RuCl,!4 Cp-
(PMe;);Rul, !4 and Cp(CO)(PPh3)RuCl!5 were prepared by literature
methods. The synthesis of [Cp(CO){PPh3)Ru(n'(S)-BT)]BF, 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, CF;SO:H (3M Co), was distilled at ambient
pressure under N,. Silver triflate (AgCF;SO3), NH4(PF¢), and
Me3O(BF,) were used as purchased from Aldrich. Neutral alumina,
Brockman I (~ 150 mesh), was purchased from Aldrich and deactivated
with 5% (w/w) deionized H,O after 24 h under vacuum. CF;SO;D was
prepared by stirring D,O (99.8 atom %) (0.72 g, 0.036 mol) and
(CF3S0,),0 (10.0 g,0.0354 mot) for 3 h and then distilling the deuterio
acid at ambient pressure and 162 °C. Subsequent reactions of 1 and 2
(see Results and Discussion) with CF;SO3D indicated the presence of
40% CF;SO3;H. This may be due to exchange of CF3SO;D with small
amounts of water in the solvent or adsorbed on the glassware.

Synthesis of Cp(PMe;)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 thesolution was allowed to warm to room temperature
with stirring for 30 min, it was refluxed for an additional 30 min, cooled
to room temperature, and then cooled to 0 °C in an ice bath. To this
solution was added 0.500 g (1.41 mmol) of Cp(PMe;);RuCl in 30 mL
of THF. The resulting solution was refluxed for 2 h. The solution was
cooled to room temperature, and the solvent was removed under vacuum.
The residue was chromatographed on a neutral alumina column (2 cm
X 20 cm) with a 1:5 mixture of CH,Cl; and hexanes. Complex 1 eluted
as the first yellow band. Removal of solvent gave 0.1675 g of 1 as a
yellow powder (26.3% yield). 'H NMR (CD,Cl,), &: 7.48 (d,J = 7.7
Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.00 (td, J = 6.9, 1.1 Hz, 1H), 6.82
(td, J= 1.5, 1.1 Hz, 1H), and 6.76 (s, 1H), BTyl; 4.70 (s, 5H), Cp; 1.45
(pst, 18H), PMe;. '3)C{'H} NMR (CD,Cl,), &: 164.5 (t, Jcp = 17.5
Hz), 146.6 (s), 144.1 (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), PMe;. Anal. Caled for CisHysP,RuS: 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 being stirred for 30 min.
The solution was then refluxed for 30 min, cooled to room temperature,
and cooled again in the ice bath. In a separate flask, 0.1050 g (0.2358
mmol) of Cp(PMe;);Rul was dissolved in 20 mL of THF. Solid
AgCF3;S0; (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 wasisolated
as above as a yellow powder (45.1 mg, 42% yield).
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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.
Tothissolution wasadded 0.1065 g (0.2165 mmol) of Cp(CO)(PPh;)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 eluted from
the column as the second yellow band with a 1:3 mixture of CH,Cl; and
hexanes. Solvent was removed under vacuum, and 48.1 mg of 2 was
recovered as a yellow powder in 38.0% yield. IR: »(CO) 1940 cm-!. 'H
NMR (CDCly), &: 7.55 (d, J = 7.8 Hz, 1H), 7.04 (t, J = 8.1 Hz, 1H),
6.90 (t, J = 7.0 Hz, 1H), and 6.48 (s, IH), BTyl; 5.06 (s, 5SH), Cp; 7.29
(m, 16H), PPh; + 1BTyl H. 3)C{'H} NMR (CDCl), &: 147.1 (d, ¥Jcp
= 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, 2Jcp = 21 Hz), CO; 133.8
(d, 'Jep = 109 Hz), 133.4 (d, Jep = 11.4 Hz), 129.9 (s), and 127.9 (d,
Jcp = 10.4 Hz), PPhs. Anal. Caled for C3sHysOPRuS: C, 65.18; H,
4.27. Found: C, 65.08; H, 4.44.

Synthesis of [Cp(PMes)2Ru(n!(S)-BT)JPF (3). A solutionof0.1010
g (0.2855 mmol) of Cp(PMe;);RuCl and 0.0882 g (0.657 mmol) of BT
in 20 mL of MeOH was refluxed for 1.5 h. Solid NH4(PFs ) (0.2304
g, 1.414 mmol) was added, and the solution was cooled to room
temperature. Solvent was removed under vacuum, 10 mL of CH,Cl, 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 Et,O. 'H NMR (CD.Cl,), é; 7.87
(m, 1H), 7.74 (m, 1H), 7.53 (m, 2H), 7.46 (d, J = 5.6 Hz, 1H), and 7.20
(d, J = 5.6 Hz, 1H), BT; 4.47 (s), Cp; 1.68 (pst, 18H), PMe;. '’C{'H}
NMR (CD3;NO,), 8: 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, Jop = 16.5
Hz), PMes. FAB: m/e 453.0 (M*), 319.0 (M* - BT), and 243.0 (M*
-BT - PMC;). Anal. Calcd for C19H29F6P3RUS'0.5CH2C121 C, 36.59;
H,4.72. Found: C,36.86;H,4.91. Thesolvating CH,Cl, was identified
in the 'H NMR spectrum of 3 in CD,Cl, solvent.

Reaction of 1 with CF3SO;H To Give 3. Ina 5-mm NMR tube, 5.1
mg (0.011 mmol) of Cp(PMe;);Ru(2-BTyl) was dissolved in 0.50 mL
of CD;Cl, under N3, and the tube was capped with a septum. Using a
microsyringe, 1.0 gL (0.011 mmol) of CF3;SO;H was injected through
theseptuminto the solution. The color changed immediately from yellow
to orange. The 'H NMR spectrum showed two Cp peaks at & 5.28 and
4.47. The peak at 6 5.28 decreased in intensity as the peak at § 4.47
increased; the peak at 4 4.47 was due to complex 3, which was identified
by its complete "H NMR spectrum; 3 was formed quantitatively after
1.5 h.

Reaction of 2 with CF;S03H To Give 4. A solution of 6.8 mg (0.012
mmol) of 2in 0.50 mL of CD,Cl, was prepared under nitrogen ina 5-mm
NMR tube. The tube was capped with a septum. Using a microsyringe,
1.0 L (0.011 mmol) of CF;SO;H was injected into the solution. The
solution color immediately turned from yellow to orange. Complex 4,
identified by its '"H NMR spectrum,® was formed quantitatively.

Results and Discussion

Lithiation of BT with n-BuLi to give 2-benzothienyllithium
(LiBTyl) occurs exclusively at C2.!¢ This LiBTyl reacts in situ
with Cp(PMe;),RuX (X = Cl, O;SCF;) or Cp(CO)(PPh;)RuCl
to give the 2-benzothienyl complexes Cp(PMes),Ru(2-BTyl) (1)
and Cp(CO)(PPh3;)Ru(2-BTyl) (2) (eq 1). A better leaving group
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(CF;SOs") on the metal expedites the reaction; thus, milder
conditions are required and a higher yield is obtained when
AgCF,S0:; is used to abstract I- from Cp(PMe;),Rul (method
B) prior to reaction with LiBTyl (eq 2). No reaction is observed
when Cp(PMe;),Rul is refluxed with LiBTyl for 10 h.

AgCF,S -
CpPMe,),Rul AgCFa O;  LiBTyl

Ad SO @

The 2-benzothienyl complexes, 1 and 2, are characterized by
'H and 3C{'H} NMR and elemental analyses (see Experimental
Section). In their 'H NMR spectra, the five BTyl protons are
well resolved and exhibit a singlet (H3), two doublets (H4, H7),
and two triplets (HS, H6) for both complexes (one of the doublets
in the spectrum of 2 is obscured by Ph peaks). The 13C NMR
spectra of 1 and 2 show coupling of C2 to the phosphorus of the
PR; ligands. For complex 2, the two-bond coupling constant
(3Jcp = 16 Hz) is similar to that of the CO (8 205.1, 2Jcp = 21
Hz) in this same complex. In the spectrum of 1, C2 occurs as
a triplet (8 164.5, 2Jcp = 17.5 Hz) as a result of coupling to the
Patoms in the two PMe; ligands. Here, the signal for C3 in BTyl
is also split by phosphorus (§ 130.2, 3Jcp = 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 CD,Cl; with CF,SO;H gives the !(S)-BT
complex 4 (eq 3) immediately and quantitatively as seen in the
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'"H NMR spectrum of the reaction mixture at room temperature.
Complex 4 was identified by its 'H NMR spectrum.®® Likewise,
addition of 1 equiv of CF,SO;H toa CH,Cl; solution of 1at room
temperature gives 3 (eq 4). Complex 3 is also prepared by a
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second method!” in which Cp(PMe;),;RuCl is refluxed in MeOH
with excess BT. Prepared by this route, 3 was characterized by
'H and '*C NMR and FAB mass spectroscopy and by elemental
analysis. The 'H and 3C{!H} NMR spectra of 3 are similar to
those of other 5!(S)-BT complexes.®” In an NMR-tube reaction
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of 1 with CF;SO;H in CD,Cl,, an intermediate (1-H*) was
detected (eq 4); it exhibits a singlet at § 5.28 for Cp, a pseudotriplet
at § 1.54 for PMe;, and two complex multiplets at § 7.5 and 7.3
for the BTyl ligand (the BTyl peaks are partially obscured by the
1'(S)-BT peaks of 3). At room temperature, these peaks rapidly
disappear (#;;2 ~ 11 min) as 3 is formed.

As the intermediate, 1-H*, in reaction 4 is rapidly isomerizing
to 3, its structure is difficult to establish from its '"H NMR
spectrum. Complex 1 contains three likely sites for H* addition:
at Ru, at C3,o0ratS. An!'H NMR spectrum of 1-H* in CD,Cl,
shows no evidence of a metal hydride peak at high field (up to
6 —25), 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
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group,'® would likely give the carbene complex 5. That 5 is
unlikely to have the structure of 1.H* is supported by the following
experiments. When 1 equiv of CF3SO;D reacts with 1 and 2 in
CD,Cl,, D is found exclusively in the 2-position of the #'(S)-BT
in the final products 3and 4. This was established by integrating
the individual BT peaks in 3. Since the PPh; peaks obscure the
BT peaks in 4, the CD,Cl, solution of 4 resulting from CF;SO;D
addition to2 was treated with a 10-fold excess of MeCN todisplace
BT. After 12 h, the solution was passed through a small plug of
AlyOs. The resulting solution contained only free BT and MeCN;
after reduction of the solution volume, the free BT in acetone-ds
was analyzed by 'H NMR spectroscopy. For the BT ligand of
both 3 and 4, the integral of the H2 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 1-H* had the carbene structure 5. Also
supporting the conclusion that 5 is not the 1-H* intermediate is
the result of an experiment in which 1 equiv of Et;N was added
immediately to 1.D*, which was formed by the addition of
CF;SO;D to a CD,Cl, solution of 1. The Et;N 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 8, deuterium would have had to be found in the 3-position
of the regenerated 1. Since the proton in 1-H* is not on 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 Me;O(PF)
in CH,Cl,, which gives the S-methylated BT-CH;*.!° Inreaction
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
inthereactionof 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 the reaction of 3 or 4 in
CD,Cl, with 1 equiv of NEt; at room temperature over a 12-h
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Figure 2. Mechanism for deuterium exchange on BT which accounts for
D incorporation into the 2- and 3-positions.

D+

period; only a small amount of free BT was observed in the 'H
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 CF;SO;D result in deuteration of the
2-position of the benzothiophene in the BT products 3and 4. This
is a reaction that is very similar to that (Figure 1) proposed by
Cowley*for deuterium exchange of BT with D, onan HDS catalyst
surface. His mechanism involves a 2-BTyl intermediate which
reacts with a D* on a surface sulfide to give the 2-deuterioben-
zothiophene. To account for the lesser amount of deuterium
incorporated into the 3-position of BT, he suggests the formation

Notes

of a 3-BTyl surface group which reacts with D* to give deuterium
at the 3-position. Thestudies 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 D, over HDS catalysts.
Cowley’s mechanism can be elaborated on the basis of results
presented in this paper and other recent studies of BT complexes
as shown in Figure 2. In step 1, BT adsorbs as an equilibrium
mixture of the 5'(S) and »? forms, on the basis of the analogous
equilibrium known® to exist in Cp’(CO);Re(BT). The #?
intermediate could convert to either the 2-BTyl (path a) or the
3-BTyl (path b) surface species. Deuterium transfer from the
surface to the 2-BTyl group would give 2-deuterio-BT (step 2)
and deuterium transfer to the 3-BTyl would give 3-deuterio-BT
(step 3). Pathawould be faster than path bsince more deuteration
occurs4’ 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 (CsMes)(PMe;)Rh(3-thienyl) (H) to the more
stable 2-thienyl analog (eq 6); this isomerization is proposed to

(C5Mes)(PMe3)(H)Rh_© 25°C
$
(C5M°5)(PM%)(H)Rh—U 6
N

occur via 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.

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 on
the basis of reactions of organometallic benzothienyl and thienyl
complexes.
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