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2-tert-butylpropene 3-position, and the tert-butyleyclopropane
1-position. Integration of the 2H NMR peaks against an internal
standard (C4Dq or C;D;) allowed rough estimates of the levels of
deuterium incorporation and showed the 2-tert-butylproene and
tert-butylcyclopropane to contain, on average, one deuterium/
molecule and the propene to contain 0.5 deuterium/molecules.
Reaction of la or lc with [Rh(CO),;(p-Cl)], or PdCl,-
(PhCN),. The reaction of lc with excess [Rh(CO)y(u-Cl)]; or
~PdCly(PhCN), according to the procedure given above for the
&uesponding [(n?-allyl)Pd(u-Cl)], reaction gave a mixture of
tert-butylcyclopropane, 2-tert-butylpropene, (n°-CsH;),TiCl,, and
an intractable black precipitate of (presumably) Rh,(CO), or Pd
metal. The ratio of tert-butylcyclopropane to 2-tert-butylpropene
was roughly 82:18 for both reactions. The corresponding reactions
of la gave dimethylcyclopropane.
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Equilibrium constants (K for the displacement of the =- (i.e., °-) thiophene (T) ligand in CpRu(T)*
by methyl-substituted thiophenes (Th’), CpRu(T)* + Th’ = CpRu(Th’)* + T, increase as the number
of methyl groups in Th’ increases: T (1) < 2-MeT (6) < 3-MeT (7) < 2,5-Me,T (35) < 2,3-Me,T (50) <
2,3,4-Me,T (200) < 2,3,5-Me;T (300) < Me,T (1300). The K’values increase by a factor of approximately
6 for each methyl in the thiophene (Th’). That thiophenes also adsorb to a Co-Mo/AL,O; HDS catalyst
more strongly as the number of methyl groups in the thiophene increases suggests that they are also w-bonded
to the catalyst surface. The results suggest that trends in rates of deuterium exchange and hydro-
desulfurization on HDS catalysts for a series of methyl-substituted thiophenes are determined by their
relative strengths of adsorption to the catalyst surface.

Introduction

Catalytic hydrodesulfurization (HDS), the process by
which sulfur is removed from crude oil by treatment with
hydrogen over a Mo—Co/+-Al,O; catalyst, is practiced in-
dustrially on a very large scale.? Despite a large number
of studies, little is understood about the basic steps of this
process,® especially for thiophene compounds which are
the most difficult to desulfurize. The first question con-
cerns the binding mode of the thiophene to the catalyst.
Three types of adsorption have been proposed: via the
S-atom only,* as a m-complex involving the unsaturated
carbon atoms,’ or via the entire r-system in an n*-fashion.®’

One approach to understanding the HDS activity of

thiophenes is to prepare thiophene transition-metal com-
plexes and to compare their reactivities with that of
thiophene on HDS catalysts. Only a few S-coordinated
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thiophene complexes (where T = thiophene) are known:
Ru(NH,);(T)**,2 CpFe(CO)4(T)*,? W(CO);(PCysy),(T),H0
and Ru(PPh;),(CpCH,C,H;S)*, in which the thiophene is
attached to the cyclopentadienyl ligand." No reactions
of these rather unstable S-coordinated complexes have
been reported. More common are compounds with 7
thiophene coordination: (C0);Cr(T),2 (CO);Mn(T)*,'3
CpM(T)* (M = Fe,!* Ru'*'7), Cp*M(T)?* (M = Rh, Ir),®
(PPhy),M(T)* (M = Rh, Ir).’® The Ru complex is note-
worthy because on the one hand, Ru is an excellent HDS
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Table 1. 'H NMR Data for the Methylthiophenes
(in Acetone-dg)
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Table II. 'H NMR Data for the [CpRu(Th)]PF, Complexe:
(in Acetone-dg) :

6 Th I

T 7.48 (m; H2,5), 7.14 (m; H3,4)2be Te 6.57 (d, 2 H; H3,4), 6.49 (d, 2 H; H2,5), 5.49 (s, 5 H;
2-MeT 7.18 (dd; H5), 6.88 (dd; H4), 6.78 (m; H3), 2.46 (s, 3 Cp)?

H; Me2)®f 2-MeT? 6.47 (d; H3), 6.42 (t; H4), 6.32 (d; H5), 5.47 (s, 5 H;
3-MeT 7.34 (dd; H5), 7.02 (m; H2), 6.95 (d; H4), 2.25 (s, 3 Cp), 247 (s, 3 H)®

H; Me3)%# 3-MeT?® 6.58 (d; H4), 6.39 (m, 2 H; H2,5), 5.45 (s, 5 H; Cp),
2,3-Me, T 7.04 (d; H5), 6.75 (d; H4), 2.31 (s, 3 H; Me2), 2.12 (s, 2.46 (s, 3 H)%/

3 H; Me3)b* 2,3-Me, T 6.50 (d; H4), 6.22 (d; H5), 5.42 (s, 5 H; Cp), 2.44 (s, 6
2,5-Me, T  6.54 (s; H3,4), 2.37 (s, 3 H; Me2,5) H)¢

2,3,4-Me,T 6.75 (s; H5), 2.29 (s, 3 H; Me2), 2.07 (s, 3 H; Me4),
1.99 (s, 3 H; Me3)¢

2,3,5-Me, T 6.42 (s; H4), 2.31 (s, 3 H; Me2), 2.21 (s, 3 H; Me5),
2.01 (s, 3 H; Me3)4

Me,T 2.23 (s; Me2,5), 1.92 (s; Me3,4)¢

4 Assignments according to ref 24. ®Assignments according to
ref 25. ° Assignments according to coupling pattern. ¢ Assignments
are based on monomethylthiophene assignments where Me2 occurs
at lower field but are not established unequivocably. ¢J(H2-H3) =
6.0 Hz. /J(H3-H4) = 3.4 Hz, J(H3-H5) = 1.1 Hz, J(H4-H5) = 5.2
Hz. ¢J(H2-H5) = 2.8 Hz, J(H4-H5) = 4.7 Hz. "J(H4-H5) = 5.2
Hz.

catalyst,?? and on the other, nucleophilic addition (H-, RS,
(Me0,C),CH", MeO") to CpRu(T)™* leads to cleavage of a
thiophene C-S bond forming a butadienethiolate lig-
and.!»?' Thus, the »-bonded thiophene is activated to
react in a manner which may account for the reactivity of
thiophene on HDS catalysts. The w-thiophene ligand in
(CO);Mn(T)* also adds nucleophiles,'22 to form an »*-
coordinated ligand which suggests another thiophene HDS
mechanism.?? Studies of deuterium exchange'® in the
w-thiophene ligand of CpRu(T)* also support the proposal
that thiophene adsorbs to HDS catalysts as an »*-ligand
and is activated in this form to undergo deuterium ex-
change.

The purpose of the present study was to compare trends
in the adsorption of methyl-substituted thiophenes on
HDS catalysts with their coordinating abilities in CpRu-
(Th)* (where Th represents any thiophene). It is known™

8 2

«J s
|5
RuCp*

that the adsorption coefficients for different thiophenes
on Co-Mo/AlL, O3 HDS catalysts at 350 °C decrease in the
order 2,5-Me,T > 3-MeT ~ 2-MeT > T. To support the
suggestion that these thiophenes adsorb to the surface in
the 7°-mode, we have measured equilibrium constants for
reaction 1 in order to establish the preferred order of
n°-bonding of methyl-substituted thiophenes in this sys-
tem. The results do indeed suggest that thiophenes adsorb
to HDS catalysts via the 7-system, i.e., the n5-mode.
CpRU(Th)* + Th' Z—==CpRu(Th")* + Th (1)

50 °C

Experimental Section

Preparation of the Thiophenes. Thiophene (Alfa, 99%) was
purified as previously described.!” 2-MeT, 3-MeT, 2,5-Me,T, and
dibenzothiophene (DBT) (Aldrich Chemicals) were used without
further purification. 2,3-Me,T, 2,3,4-Me;T, 2,3,5-Me;T, and Me,T
were obtained from the corresponding bromothiophenes by
metalation with BuLi and further reaction with Me,SO,%* The

(20) Pecoraro, T. A.; Chianelli, R. R. J. Catal. 1981, 67, 430.
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2,5-Me, T® 6.34 (s, 2 H; H3,4), 5.45 (s, 5 H; Cp), 2.40 (s, 6 H)

2,3,4-Me;T 6.22 (s; H5), 5.38 (s, 5 H; Cp), 2.44 (s, 3 H), 2.43 (s, 6
H)

2,3,5-Mes T 6.45 (s; H4), 5.40 (s, 5 H; Cp), 2.37 (s, 3 H), 2.36 (s, 3
H), 2.34 (s, 3 H)

Me,T 5.32 (s, 5 H; Cp), 2.42 (s, 6 H), 2.38 (s, 6 H)

BT 8.16 (d), 7.55 (d), 7.46 (d), 7.26 (d), 6.37 (t), 6.32 (t),
5.20 (s, 5 H; Cp)

DBT 8.43 (d), 8.05 (d), 7.7 (m, 3 H), 7.51 (d), 6.47 (m, 2

H), 5.25 (s, 5 H; Cp)

¢References 15 and 17. “Reference 16. °Reference 18.
4 Assignments according to ref 25. ¢ Assignments according to ref
25 except that positions 3 and 4 are interchanged. fAssignments
corrected from that given in ref 16. #All coupling constants °J-
(HCCH) =~ 3 Hz.

Table III. Equilibrium Constants, K, for the Exchange
Reactions (Eq 1) of [CpRu(Th)]* with Free Thiophene (Th’)
in Acetone-dg at 50.0 °C

Th Th’ K
T 2-MeT 5.6
T 3-MeT 6.7
2-MeT 3-MeT 1.2
2-MeT 2,5-Me, T 6.8
3-MeT 2,5-Me,T 4.7
3-MeT 2,3-Me,T 6.0
2,5-Me, T 2,3-Me, T 1.5
2,5-Me,T 2,3,5-Me,T 8.3
2,3-Me,T 2,3,5-Me,T 6.2
2,3-Me, T 2,3,4-Me,T 3.7
2,3,4-Me,T Me,T 6.1
2,3,5-Me;T Me,T 4.7

reaction of thiophene with bromine yielded a mixture of Br,T
and 2,3,5-Br,T which was separated by distillation.?® 2,3,4-Br;T
was obtained by reacting Br,T with Mg and 1,2-dibromoethane.?
2,3-Br,T was prepared from 3-BrT and Br,.”® Commercial ben-
zo[b]thiophene (BT) was sublimed prior to use. All of the
thiophenes were identified by their 'H NMR spectra (Table I).
Preparation of the [CpRu(Th)]PF; Complexes. The com-
plexes of T,'7 2-MeT,!¢ 3-MeT,!® 2,5-Me, T, and BT!® were
prepared from [CuRu(CH4CN);]PFj as described previously. The
analogous complexes of 2,3-Me,T, 2,3,4-Me,T, 2,3,5-Me,T, and
dibenzothiophene (DBT) were prepared by the same method and
characterized by their proton NMR spectra (Table II).
Exchange Reaction. About 0.02 mmol of a [CpRu(Th)]PFg
complex was dissolved in 0.5 mL of acetone-dg, mixed with an
equimolar amount of a differently substituted thiophene (~3 uL),
and placed in an NMR tube. The solution was frozen with liquid
nitrogen and the tube sealed under vacuum. The NMR tube was
kept in a constant temperature bath (T' = 50.0 £ 0.2 °C). The
exchange was monitored by 'H NMR on a Nicolet NT-300
spectrometer using acetone-dg as the internal lock and reference
(6 2.04). Exchange reactions of the thiophene complex were
complete within 3 days. Reactions of complexes containing the
more highly substituted thiophenes took more time, up to 4 weeks
for the reaction of CpRu(Me;T)* with Me,T. The NMR spectra
of the equilibrated reaction mixtures were taken at room tem-
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16 Organometallics, Vol. 8, No. 1, 1989

Table IV. Relative Equilibrium Constants, K’, for the
Reactions (Eq 2) of [CpRu(T)]* with Th’' in Acetone-d; at

50.0 °C
Th’ K’ Th' K’
T 1 2,3-Me, T 50
2-MeT 8 2,3,4-MesT 200
3-MeT 7 2,3,5-Me, T 300
2,5-Me, T 35 Me,T 1300

perature, but there was no change in the concentrations from those
at 50 °C due to the slow reaction rates. The relative concentrations
of all four components in each solution were obtained from in-
tegrations of the NMR spectra. All signals of the Ru complexes
and free thiophenes were integrated at least twice, and the values
were averaged.

Results

The equilibrium constants, K = [CpRu(Th")*][Th}/
[CpRu(Th)*}[Th’], for the exchange reactions (eq 1) are
shown in Table III. In order to establish the reproduc-
ibility of the K values, the reaction of CpRu(T)* with
2-MeT was studied three times, giving values for K be-
tween 5.4 and 5.8. In general, we estimate that the K
values are accurate within at least £20%. The values are
more accurate than this for the less substituted thiophenes
where the signals are well separated. Up to 20% error
occurs in the more highly methylated thiophenes because
the signals occur in a smaller region and they overlap with
each other. The equilibria for the reactions of CpRu(T)*
with 2-MeT and CpRu(2-MeT)* with 2,5-Me,T were also
approached from the other side; i.e., the complex of the
higher-methylated thiophene was reacted with the lesser
methylated thiophene. The K constants were the same
within experimental error regardless of the direction of
approach to équilibrium.

Using the equilibrium constants in Table III, we have
calculated K’ values (Table IV) for the displacement of
thiophene by the various methyl-substituted thiophenes
(eq 2). Within the experimental errors of the studies, the
K’ values are internally consistent within £25% regardless
of the K values used to calculate them.

CpRu(T)* + Th’ == CpRu(Th)* + T  (2)

The acetone-dg solvent clearly accelerates the rate of
exchange (eq 1) as compared with CD3;NO, in which no
exchange of CpRu(T)* with 2-MeT was observed at 50.0
°C over a period of 4 days. However, after a small amount
of acetone was added to this solution, the exchange reac-
tion slowly took place. In acetonitrile as the solvent, the
thiophene ligand in CpRu(T)* is displaced to form
CpRu(NCMe)g*.17

The reaction of CpRu(T)* with benzothiophene (BT)
and dibenzothiophene (DBT) in acetone-dg at 50.0 °C
results within 4 days in total displacement of the 7%
thiophene to give the n®-coordinated complexes CpRu-
(BT)* and CpRu(DBT)*, respectively. No exchange was
observed after 5 days between the BT complex and free
DBT and vice versa. Although no kinetic studies of the
thiophene exchange reactions were performed, the solvent
plays an important role as also indicated by studies? of
the rates of arene displacement from CpRu(arene)* by
acetonitrile to give CpRu(NCMe),*.

Discussion
Trends in K’ Values for Reaction 2. As seen in Table
1V, equilibrium constants, K’, for the coordination of
thiophenes in CpRu(Th’)* increase with an increasing

(26) McNair, A. M.: Mann, K. R. Inorg. Chem. 1986, 25, 2519.
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number of methyl groups in the thiophene ligand. In
general, K’ increases by a factor of approximately 6, i.e.,
~1.2 keal/mol from AG = -RT In K at 50 °C, for each Me
group in the thiophene. A similar trend is observed? in
AH values for the displacement of methyl-substituted
arenes from (arene)Mo(CO); complexes, which also in-
crease by roughly 1 kcal/mol for each methyl group added
to the benzene ligand. Thus, both thiophenes and benz-
enes?® coordinate more strongly as the donor ability of the
ligand is increased by adding methyl groups. This result
also accounts for the substantially greater stability of
tetramethylthiophene (Me,T) complexes as compared to
those of thiophene.?

Relevance to Thiophene Adsorption on HDS Cata-
lysts. Using a gas chromatographic technique, Zdrazil™
determined relative adsorption coefficients (K.) for
methyl-substituted thiophenes on a sulfided Co~-Mo/ Al O,
catalyst at 350 °C; the K, values increase in the following
order: T (1.0) < 2-MeT (1.6) ~ 3-MeT (1.7) < 2,5-Me,T
(2.5). Thus, increasing numbers of Me groups in the
thiophene favor adsorption, and there is no evidence for
steric blocking by Me groups at the 2 and 5-positions as
one might expect for S-coordinated thiophenes. Therefore,
this order has been used to support the proposal that
thiophenes are 7-bonded (i.e., %) to the catalyst, although
it has not been established that the adsorption sites in-
volved in these studies are the same as those at which
thiophenes HDS occurs.

We have previously argued in favor of n°-thiophene
adsorption to HDS catalysts based on model deuterium
exchange!® studies of CpRu(Th)* which show that »°-
thiophene is activated to deuterium exchange and the
patterns of exchange are the same as observed over HDS
catalysts. Also, we have demonstrated that n°-thiophene
in CpRu(Th)* 12! and (CO);Mn(T)* 1322 is reactive toward
nucleophiles in ways which reasonably account for early
steps in the HDS of thiophene. In the present equilibrium
studies of reaction 1, we find that n®-coordination of
methyl-substituted thiophenes in CpRu(Th")* is
strengthened in the same order (Table IV) as observed by
Zdrazil™ on the HDS catalyst, further supporting the
proposal for °-thiophene adsorption.

For an HDS mechanism (eq 3) involving rapid thiophene
adsorption followed by slower reactions leading to products
of deuterium exchange or desulfurization, the equilibrium
constant (K,q,) for adsorption will affect the overall rates
of further reactions and may determine overall trends in
reactivity of a series of methyl-substituted thiophenes.

Kuds

Msurtace + £ s (9) e—= £ >
}

I3
Sow products (3)
fast

Msurface

This may be the case for deuterium exchange of the 3- and
4-protons in methyl-substituted thiophenes on Mo/AlL,O;.
Here the amount of Hj, exchange increases with increasing
numbers of methyl groups: T < 2-MeT < 2,5-Me,T.18:30
This trend is likely determined by the more favorable
adsorption of methyl-substituted thiophenes; the rates of
exchange of the adsorbed thiophenes probably follow the

(27) Nolan, S. P.; de la Vega, R. L.; Hoff, C. D. Organometallics 1986,
5, 2529 and references therein.

(28) Muetterties, E. L.; Bleeke, J. R.; Wucherer, E. J.; Albright, T. A.
Chem. Rev. 1982, 82, 499.

(29) (a) Braitsch, D. M.; Kumarappan, R. J. Organomet. Chem. 1975,
84, C37. (b) Singer, H. J. Organomet. Chem. 1967, 9, 135. (c) Russell,
M. J. H,; White, C.; Yates, A.; Maitlis, P. M. J. Chem. Soc., Dalton Trans.
1978, 857.

(30) Smith, G. V.; Hinckley, C. C.; Behbahany, F. J. Catal. 1973, 30,
218,
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reverse trend, as discussed previously,'® but the larger
changes in K,4, determine the overall trend.

Also, the increasing order of HDS reactivities of meth-
yl-substituted thiophenes, T (1.0) < 2-MeT (1.5) < 3-MeT
{1.9) < 2,5-Me,T (2.0),” on Co~-Mo/Al,0, follows the trend
expected from the adsorption equilibrium constants (K,4,).
It is likely?® that the reactivity order of the adsorbed
thiophenes follows the opposite trend with the more
methyl-substituted thiophenes undergoing slower desul-
furization. But here, as for deuterium exchange, larger
differences in K4, than in k would explain the overall trend
in reactivity.

In conclusion, the K’ values for reaction 2 support »°-
bonded thiophene as the form of adsorption on HDS

catalysts and also reasonably account for trends in the
deuterium exchange and HDS reactivity of methyl-sub-
stituted thiophenes on HDS catalysts.
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Cp*;ScR (Cp* = #5-C;Me;; R = H, CHj) react with Cp,MCO (Cp = #5-C;H;, M = Mo, W) to give the
corresponding R-substituted scandoxycarbenes Cp,M=C(R)0ScCp*,. Similarly, Cp*,ScR (R = H, CHj,
CH,CH,Ph, NMe,) react with CpM(CO), (M = Co, Rh) to afford the R-substituted scandoxycarbenes.
The structure of CpCofus,n',n-C0O){=C(CH3)0ScCp*,} has been determined by a single-crystal X-ray
diffraction methods, revealing a u,n'n*-carbonyl ligand in addition to the scandoxycarbene moiety bridging
the Sc and Co atoms. CpCol(ug,nt,n'-Co){=C(CH3)0ScCp*,} crystallizes in space group P1 (a = 8.592 (4)
A, b=10.923 (2) A, c = 14.648 (2) A; & = 91.074 (14)°, 8 = 100.84 (2)°, vy = 100.77 (3)°; Z = 2). Least-squares
refinement led to a value for R of 0.046 (I > 30) and a goodness of fit of 3.51 for 4593 reflections.

Introduction

Despite the extensive chemistry which has been devel-
oped for “Fischer carbene™ complexes, the original syn-
thesis, with slight variations, has remained the principal
route into this important class of compounds® (eq 1).
While this method has been used to prepare a wide range
of derivatives, relatively few carbene complexes of cobalt
have been synthesized by this route.?

L,MC=0 + LiR — L,M=C(OL)R ——
L, M=C(OR)R (1)

Several reports of novel routes into this class of com-
pounds have recently appeared. Lappert and others have
utilized electron-rich olefins to synthesize bis(amine)-
substituted carbenes.* Erker® has utilized olefin complexes
of the group 4 transition metals to effect the synthesis of
metallacyclic carbenes from metal carbonyls, including
those of cobalt, likely via a concerted electrocyclic ring
closure (eq 2). Recently Mashima® has used this strategy
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to prepare exocyclic titanoxycarbenes of Cr, Mo, W, and
Re. Reactions of metal carbonyls with titanium or alu-
minum amides to yield NMe,-substituted “titanoxy” or
“alumoxy” carbenes have been reported by Petz.” Earlier
work from these laboratories demonstrated that Cp*,ZrH,
and Cp*,ZrHX are effective reagents for converting metal
carbonyls to hydrogen-substituted “zirconoxycarbenes”,?
L,M=C(H)0OZrXCp*, (X = H, halide).

All of these methods lack generality and are apparently
specific in affording exocyclic, NR, or H-substituted
carbenes. We report herein that Cp*,ScR (R = H, alkyl,
amide) is an effective and more general reagent for the
synthesis of hydride-, alkyl-, or amide-substituted
“scandoxycarbene” complexes from carbonyls of the type
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