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Abstract

The reaction of benzene, naphthalene and anthracene with dihydrogen under a pressure of 3 and 20 bar at 80°C in the
presence of [RuH,(H»)>(PCy3)2] (1) leads to cyclohexane, tetralin and a mixture of 1,2,3,4-tetrahydroanthracene (4H-An)
and 1,2,3,4,5,6,7,8-octahydroanthracene (§8H-An), respectively. Surprisingly, the increase of dihydrogen pressure lowers the
yield of hydrogenation products. Product 1 may be used directly as a catalyst precursor or may be prepared in situ from
[RuH{(n?*-C¢Hg)PCy> }{(n?-CsHo)PCy> }] (2) under dihydrogen at room temperature. A number of functionalized arenes
(toluene, chlorobenzene, durene) as well as tetralin, phenanthrene and 9,10-dihydroanthracene are not reduced under 3 bar of
dihydrogen. The reaction of 1 with arenes, either in neat benzene or in cyclohexane in the case of naphthalene and tetralin at
80°C leads to the formation of respectively, 1]6—b0und benzene (3), naphthalene (4) and tetralin (5) complexes that are also
present in very small quantities in the final catalytic mixtures. Reaction of 1 with anthracene at room temperature yields the
complex [Ru("r]4-C14H10)(PCy)2] (6) containing an T]4-bound anthracene. Product 6 shows a catalytic activity for anthracene
hydrogenation and can be regarded as an intermediate in the catalytic cycle. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction complexes in biphasic aqueous solutions [8—10] and
colloidal rhodium as a suspension in water [11] or in

Hydrogenation of arenes with soluble molecular aqueous/supercritical fluid biphasic media [12]. For

catalysts has not been studied very extensively since
it generally requires rather severe conditions and be-
cause heterogeneous catalysts are remarkably active
in these reactions [1-3]. Recently, several research
groups have reported efficient arene hydrogenation
catalytic systems based on rhodium and palladium
complexes tethered to a solid support [4-6], ruthe-
nium cluster catalyst in an ionic liquid [7], ruthenium
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some years, the use of molecular catalysts for arene
hydrogenation was stimulated by the studies of arenes
as models for products resulting from coal liquefac-
tion [13-16]. Early works on arene hydrogenation
catalysts concentrated on their activities [14-25],
but in some cases the homogeneity of these systems
was uncertain. However, a number of systems were
proven to be homogeneous and their studies have led
to a better understanding of the mechanisms of arene
hydrogenation [26-37].

In the 1980s, a homogeneous process, the
“Dimersol” process, developed by the Institut Francais
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du Pétrole, has been applied successfully for the hy-
drogenation of benzene to cyclohexane [1,38]. More
recently, a variety of arene substrates have been hy-
drogenated by hydride derivatives of niobium and tan-
talum [39-44]. There is, however, only one example
of a dihydrogen complex quoted as an effective cata-
lyst for hydrogenation of 9-methylanthracene [45].
Our recent observations that the bis(dihydrogen)
complex [RuH(H2)2(PCy3)2] (1) [46,47] and some
of its derivatives (e.g. [RuH{(n>-C¢Hg)PCys}{(n?’-
CcHo)PCy»}1 (2)) undergo H/D isotopic exchange
reactions in deuterated arene solvents (dg-benzene,
dg-toluene) are indicative of a mechanism that in-
volves coordination of an arene ring followed by a
C-H bond activation [48]. Moreover, the cyclohexyl
rings of the PCys ligands in 1 undergo reversible,
intramolecular dehydrogenation/hydrogenation reac-
tions in the presence of a hydrogen acceptor or dihy-
drogen, respectively. These findings prompted us to
study 1 as a potential catalyst for arene hydrogenation.

2. Experimental

Microanalysis were performed by The Laboratoire
de Chimie de Coordination Microanalytical Service.
Proton and phosphorus spectra were recorded on a
Bruker AC 200 (at 200.132 and 81.015MHz, re-
spectively) and on an AMX 400 (at 400.133 and
161.985 MHz, respectively) while 13C NMR spectra
were obtained by using AM 250 (50.323 MHz) and
AMX 400 (100.624 MHz) spectrometers, all oper-
ating in the Fourier transform mode. All manipula-
tions were carried out under argon using standard
Schlenk-line techniques. All solvents were freshly
distilled from standard drying agents and thoroughly
degassed under argon prior to use. RuCl3-3H,0
was purchased from Johnson Matthey Ltd. and all
other reagents were purchased from Aldrich and
degassed before use. Reaction products were ana-
lyzed by GC on a Hewlett Packard 5890 apparatus
fitted with a FID detector using a capillary column
(30 mm x 0.32 mm) packed with cross-linked methyl
silicone. Homogeneity of the reaction mixtures has
been confirmed by the test with liquid mercury which
is known to inhibit colloidal catalysis [49,50]. Prod-
ucts 1 and 2 have been prepared by published methods
[48].

2.1. Hydrogenation under 3 bar H»

[RuH{(m*-C6Hg)PCy2 }{(m*-CsHo)PCy2}]  (2)
(0.02 g, 0.03 mmol) was placed into a Fisher—Porter
flask under argon atmosphere. The system was evacu-
ated and flushed with dihydrogen. A required amount
(normally 10ml) of a degassed solvent was then
introduced. The reactor was pressurized to 3 bars
of dihydrogen and stirred at room temperature for
0.5-1h, depending on the solvent, to allow total con-
version of 2 to 1, visualized by complete dissolution
and formation of a colorless homogeneous solution.
The reactor was then depressurized and a suitable
amount (normally, 1.5 mmol) of a degassed substrate
was introduced under a dihydrogen stream. The re-
action mixture was again pressurized to 3 bar of Hj
and stirred at room temperature until all substrate dis-
solved (anthracene dissolves only partly under these
conditions). Then the reactor was placed into an oil
bath and heated at 80°C while stirring magnetically
for the required amount of time. The Fisher—Porter
flask was then cooled down to room temperature,
depressurized and the hydrogenation products were
analyzed by GC.

2.2. Hydrogenation under 20 bar H;

2.2.1. Hydrogenation of neat benzene

A catalyst precursor (1) (0.075 g, 0.112 mmol) was
placed into a stainless steel autoclave (50 ml volume)
fitted with gas inlet and outlet tubings, externally
driven stir bar, manometer and a heating mantle. The
system was evacuated and flushed with argon. This
procedure was repeated three times using dihydrogen
in the place of argon. A total of 20 ml degassed ben-
zene was then introduced via a PTFE transfer tubing.
The system was then pressurized to 20bar at 20°C
with vigorous stirring and the reactor was heated up to
80°C within 15 min, after which the internal pressure
in the reactor reached 24 bars. On termination of tests,
the reactor was cooled down to room temperature and
the products were analyzed by GC.

2.2.2. Hydrogenation of naphthalene and anthracene
Product 1 (0.02 g, 0.03 mmol) and a solid substrate
(1.5mmol) were placed into the autoclave and the
same procedure was used as above but using cyclo-
hexane (20 ml) in place of benzene as solvent.
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2.3. Preparation of the complexes

[RuH»(n%-CsHg)PCy3] (3): An amount of 0.085 g
(0.13mmol) of 1 was dissolved in benzene (4 ml)
and refluxed for 3h. The resulting orange solution
was evaporated to dryness giving a pale yellow solid
very soluble in most common solvents. The solid was
characterized as [Rqu(nﬁ—C6H6)PCy3] contaminated
with free PCys by 'H, 3!P and 13C NMR spectra in
CeDg.

[(PCy3)HRu(:n,n-CroHs)RuH>(PCy3)] (4): To a
suspension of 1 (0.140g, 0.21 mmol) in cyclohexane
(5ml) an excess of naphthalene (0.08 g, 0.63 mmol)
was added and the mixture was stirred for ca. 3 min
before heating at reflux temperature for 2h. On cool-
ing, the solvent was removed under vacuum resulting
in a brown-red sticky mass from which unreacted
napthalene was removed by sublimation at 60°C.
To the remaining brown solid, pentane (6 ml) was
added and the yellow precipitate formed was filtered
off, washed with pentane (2ml x 1.5ml) and dried
in vacuo. Yield: ca. 0.055 g (59%). Recrystallization
from benzene/pentane gave yellow, air sensitive crys-
tals. Anal. Calcd. for C4gH7gP2Ruy: C, 61.72; H,
8.78. Found: C, 61.81; H, 8.58.

[Rqu(r;6-C10H12)PCy3] (5): To a suspension of 1
(0.100 g, 0.15 mmol) in cyclohexane (6 ml) degassed
tetralin (61 pl, 0.45 mmol) was added and refluxed for
5h. The resulting red solution was filtered off and
kept overnight under vacuum to give a red—brown
sticky mass. Pentane (8§ ml) was added and the mix-
ture was filtered off and passed through a chromato-
graphic column filled with Al,O3. The orange phase
was eluted using benzene followed by evaporation un-
der vacuum to form a film on the surface of the flask.
Since we were unable to obtain the product in another
form, 'H and 3!P NMR spectra were run after disso-
lution of the yellow film in C¢Dg. The product is con-
taminated with large amount of PCy3 and is free of
tetralin.

[RuH>(n*-C14H10)(PCy3)>2] (6): A suspension of
1 (0.100g, 0.15mmol) and anthracene (0.0535¢g,
0.3 mmol) in diethyl ether (8 ml) was stirred overnight
yielding a fine yellow precipitate that was col-
lected, washed with Et,O (3ml x 5ml) and vacuum
dried. Yield ca. 0.075g (60%). Anal. Calcd. for
CsoH7gP2Ru: C, 71.31; H, 9.33. Found: C, 71.18; H,
9.2. IR v(Ru-H), 2013 and 1975cm™!.

3. Results and discussion

3.1. Hydrogenation of benzene

Under mild conditions (80°C, 3 bar H,) methylcy-
clohexane solutions of 1 catalyze the hydrogenation of
benzene to cyclohexane with a low turnover number
of 2.8 in 24 h (Table 1). After increasing the reaction
time to 45 h, no sign of metal precipitation is observed.
When similar experiments are carried out in neat ben-
zene, in which the substrate to catalyst ratio increased
ca. 15 times as compared with the reaction performed
in a methylcyclohexane solution, the turnover number
increased to 32 after 20 h, hence revealing a significant
increase in the turnover frequency. This activity seems
comparable to that of [1°-C¢(CH3)sRu-n*-Cg(CH3)¢]
under comparable reaction conditions (90°C, 2-3 bar
Hj); however, the substrate to Ru ratio has not been
specified in that work [30]. However, when the reac-
tion in neat benzene was carried out in the presence
of mercury as an homogeneity test, no conversion was
observed [49,50]. This result might be due to the for-
mation of colloids in this case and will be further in-
vestigated.

When toluene has been used as a substrate in cyclo-
hexane, only traces of methylcyclohexane have been
found in the reaction mixture after 24 h. Other func-
tionalized arenes such as 1,2,4,5-tetramethylbenzene
(durene) and chlorobenzene do not undergo reduction
in the same conditions.

3.1.1. Synthesis 0f[RuH2(n6—C6H6)PCy3] (3)

NMR spectra recorded after a 45 h reaction of hy-
drogenation of dg-benzene used as solvent, display
almost exclusively signals characteristic of 1 (e.g. §
—7.83 (Ru-H) and 8 76.2 (PCy3) for 'H and 3'P NMR,
respectively) which suggests the constant presence of
this compound during the course of the catalytic re-
action. However, a very small doublet (§ —10.5, J =
42.3 Hz) and two weak signals of equal intensity at ca.
78 and 10 ppm can also be found in the 'H and 3'P
NMR spectra, respectively.

The reaction of 1 in refluxing benzene under an ar-
gon atmosphere leads to a new product that we were
unable to isolate in pure form due to its high solubility
in most commonly used solvents. Nevertheless, a g
NMR spectrum (Table 2) of the pale yellow solid ob-
tained by evaporation to dryness of the reaction mix-
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Table 1

Hydrogenation of arenes at 80°C under 3 bar Hy?*

Substrate Time (h) Conversion (%) Products (%) TONP

Benzene (neat)® 20 4.3 Cyclohexane (100) 32.1

Benzene? 24 5.6 Cyclohexane (100) 2.8

Toluene 24 <0.1 Methylcyclohexane (traces)

Chlorobenzene 15 None

Durene 24 None

Naphthalene 24 25 Tetralin (100) 13

Tetralin 24 <0.1 Cis- and trans-dekalin (traces)

Anthracene 4 100 4H-An® (93) 50
8H-An¢ (7) 3.5"

Anthracene 20 100 4H-An® (84) 50f
8H-An¢ (16) 8f

Anthracene 24 100 4H-An® (73) 50f
8H-An2 (27) 13.5°

Anthracene” 24 100 4H-An® (90) 50
8H-An¢ (10) 5

Phenanthrene 17 None

9,10-2H-An' 4 None

2 Unless stated otherwise, 2 is the catalyst precursor, solvent: cyclohexane (10 ml), [Ru] = 3 x 1073 M, [arene] = 0.15M, arene/Ru = 50,

products were analyzed by GC.
Y TON is defined as mole of product formed per mole of Ru.
¢[Ru] = 15 x 1073 M, benzene/Ru = 750.
4 Solvent: methylcyclohexane (10ml).
¢ 4H-An: 1,2,3,4-tetrahydroanthracene.

f Calculations based on the assumption that 8H-An is formed in a two stage reaction. It involves hydrogenation of anthracene to 4H-An

(stage 1) followed by its hydrogenation to 8H-An (stage 2).
& 8H-An: 1,2,3,4,5,6,7,8-octahydroanthracene.
h [Rqu(n4-C14H10)(PCy3)2] used as a catalyst precursor.
i 9,10-2H-An: 9,10-dihydroanthracene.

ture shows (in C¢Dg) a sharp singlet at § 5.25 assigned
to m°-bound benzene and a doublet in the hydride
resonance region at § —10.50 (Jp—g = 42.5Hz). In
3'P{!H} NMR, a singlet at § 78.3 transforms into a
triplet upon selective decoupling of the PCy;3 protons.
A loss of one phosphine ligand in the reaction of 1
with benzene is confirmed by the presence of a sharp
singlet for free PCy3 at § 10.0 in the 3'P{'H} NMR
spectrum.

The presence of an mP°-coordinated benzene
molecule in this compound is further supported by
its 13C NMR spectrum showing a doublet at § 83.4
(Jc—g = 170.4Hz) coupled to phosphorus (Jc—p =
2.5Hz).

The 'H and 3!'P NMR resonances assigned to
the minor product observed in the reaction of 1
with benzene under hydrogenation conditions and
the respective data obtained for the reaction product

of 1 in the presence of boiling benzene are iden-
tical, hence indicating the formation of the same
product (3), a m®-bound benzene ruthenium dihy-
dride containing one tricyclohexylphosphine ligand:
[RuH;(n°-C¢Hg)PCy3] (3) (Scheme 1). The 'H and
3Ip NMR data for 3 are very close to those re-
ported earlier for the triisopropyl phosphine analogue
[51].

3.2. Hydrogenation of naphthalene

As expected, in the same reaction conditions, naph-
thalene, a condensed arene, is easier to hydrogenate
than monoaromatic hydrocarbons. Hydrogenation of
the first double bond in naphthalene is thermodynam-
ically more favorable than the addition of the first
dihydrogen molecule to benzene [52]. It produces
1,2,3,4-tetrahydronaphthalene (tetralin) in 25% yield
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Table 2

Selected NMR data (ppm) for compounds 3-6, anthracene, 4H-anthracene and 8H-anthracene

Compound 'H NMR? 31p NMR? 13C NMR?
[RuH;(m%-CHg)PCy3] (3) 5.25 (s, 6H, n®-C¢He)° 78.3 (s)° 83.4 (d, Jo—y = 170.4Hz; d,

Jo—p = 2.5Hz, C'70)°

—10.4 (d, 2H, Jp_y = 42.3Hz, Ru-H)

[(PCy3)RuH: ]2 (r:m,m-CioHg) (4) 5.03 (brm, m°-CjoHg'*-8)d
4.19 (brm, 4H, °-CioHg>3%7)
—10.18 (d, 4H, Jp—y = 29.3Hz,

[RuH,(1°-C1oH2)PCys] (5) 5.35 (brm, 2H, 1°-CyoHp )¢
5.20 (brm, 2H, n°-CjoH2>?)

—10.45 (d, 2H, Jp—yg = 42.3Hz,
[RuH;(m*-C14H10)(PCy3)2] (6) 7.54 (dd, 2H, H>8, J,. = 6.0Hz,

Jai = 3.3Hz) ¢

7.23 (dd, 2H, H%7, J,;. = 6.1 Hz,

Jan = 3.2Hz)

6.99 (s, 2H, H10)
5.63 (m, 2H, H'%)
420 (m, 2H, H23)

68.9 (s)° 95.8 (s, C>10)¢
78.0 (d, Jo_yg = 169.2Hz, C1:45:8)
Ru-H) 64.7 (brd, Jo_y = 158 Hz, C2:3:6.7)
78.6 (s)°
Ru-H)
67.9 (s) 79.6 (d, Jo—y = 166 Hz, C>3)¢
60.8 (CL4)!

—11.25 (t, 2H, Jp—g = 28.5Hz, Ru-H)

Anthracene 8.15 (s, 2H, H?10)d

7.80 (dd, 4H, H'"*> 8,

Jyvie = 6.5Hz, J,; = 3.3Hz)®

7.25 (dd, 4H, HZ3.67,

Jvic = 6.6Hz, J;1 = 3.2Hz)
4H-anthracene’ 7.66 (dd, 2H, H>8, J.;c = 6.2 Hz,

Ja = 3.3Hz)%¢

7.40 (s, 2H, H*10)

7.28 (dd, 2H, H%7, J ;. = 6.3 Hz,

Jan = 3.2Hz)

2.74 (m, 4H, H'"*)

ca. 1.62 (m, 4H, H>? and 8H,

H2367 for 8H-An)
8H-anthracene® 6.74 (s, 2H, H%10)d

2.63 (m, 8H, H'"*58)

ca. 1.62 (m, 8H, H>3%7 and 4H,

H%3 for 4H-An)

4 C¢Dg, 293 K.

®81.015MHz.

€50.323 MHz.

4200.132 MHz.

€100.624 MHz.

f400.133 MHz.

& vic = vicinal, all = allylic.

h161.985 MHz.

iOnly BC{'H} NMR.

J 4H-anthracene: 1,2,3,4-tetrahydroanthracene.
k 8H-anthracene: 1,2,3,4,5,6,7,8-octahydroanthracene.

after 24 h and no evidence for a further hydrogenated
product has been found (turnover number: ca. 13).
Tetralin has also been found (GC and 'H NMR) to
be the sole product of the hydrogenation of naph-

thalene in C¢Dg, in agreement with the much higher
reactivity of naphthalene compared to benzene. An
attempted hydrogenation of tetralin in cyclohexane
revealed only traces of cis- and trans-decalin after
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a comparable reaction time. The hydrogenation of
naphthalene is, however, catalyzed much faster by
niobium complexes, as described by Rothwell. In that
case, tetralin has been obtained in >95% yield after
24 h, but under a much higher pressure [40].

The bis(dihydrogen) complex 1 has been character-
ized as the main complex present in dg-benzene so-
lution after 20 h naphthalene hydrogenation. The 'H
NMR spectra of this reaction mixture reveal the pres-
ence of two additional complexes in very small quan-
tities. One is the complex characterized above as 3
while the other shows two multiplets at § 5.35 and
5.20 and a doublet at § ca. —10.5 (J = 42.4Hz) in
the 'H NMR spectrum and a single peak at § 78.6 in
the 3'P NMR spectrum.

3.3. Synthesis of [(PCy3)HyRu(u:n,n-CioHs)-
RuH,(PCy3)] (4) and [RuH,(n®-C1oH12)PCy3] (5)

In order to get more information concerning the
course of naphthalene hydrogenation, we have per-
formed several reactions with 1 and naphthalene in
a 1:3 molar ratio, using dj>-cyclohexane as solvent.
The progress of the reaction was followed by 'H
NMR. Two products were observed with relative
ratios depending on the reaction duration. Shorter
reaction times (several hours) favored the formation
of a complex 4 (see below) showing two multi-
plets at & ca. 4.7 and 3.8 and a doublet at § —10.6
(Jp—g = 29 Hz). Longer reaction times (above 10h)
revealed the predominant formation of a compound



A.E. Borowski et al./Journal of Molecular Catalysis A: Chemical 174 (2001) 69-79 75

(5) (see below) displaying two multiplets at & ca. 5
and 4.9 and a doublet at § ca. —11 (Jp—g = 43 Hz).
Additionally, in all these experiments, we have ob-
served the formation of a small amount of the com-
plex [RuH{(m?-C¢Hg)PCys}{(n*-Cs¢Ho)PCy2}] (2)
in which both phosphine ligands contain a dehy-
drogenated cyclohexyl ring bound to the metal in
an 7 - and m?-mode, respectively [48]. As reported
previously, this complex may be formed upon re-
action of 1 with functionalized alkenes serving as
hydrogen acceptors [48] or as a product of thermal
decomposition of 1 under an helium atmosphere
[53].

The synthesis of [(PCys)HaRu(w:n,m-CioHg)Ru-
H,(PCys)] (4) was achieved by reacting 1 with naph-
thalene in boiling cyclohexane for 2h (Scheme 1).
Product 4 was isolated as yellow crystals in 59% yield.
The '"H NMR spectrum of 4 (Table 2) shows two broad
multiplets at § 4.19 and 5.03 characteristic of the pres-
ence of a m-bonded naphthalene ring. The two hydride
ligands resonate at § —10.18 as a doublet due to cou-
pling with one phosphorus atom (Jp—g = 29.3 Hz).
The ratio of two hydrides per one phosphorus is con-
firmed by a 3'P NMR spectrum where the singlet at §
68.9 splits into a triplet upon selective decoupling of
PCys3 protons. Finally, the arene protons to hydride in-
tegration ratio of 2:1 is in agreement with a dinuclear
formulation involving one naphthalene ligand for four
hydrides. The '*C NMR spectrum confirms the pres-
ence of coordinated naphthalene. A singlet at § 95.8
has been assigned to the C%10 carbons, while two dou-
blets at § 78.0 and at 6 64.7 have been assigned to
the CL45:8 and C2:3:%7 carbons, respectively, of an
m®-coordinated naphthalene molecule. Bubbling dihy-
drogen through a dg-benzene solution of 4 did not lead
to any changes in the '"H NMR spectrum. This may
suggest the absence of involvement of 4 in the hydro-
genation catalytic cycle.

The second compound [RuH2(n6-C10H12)PCy3]
(8), was produced in a 5 h reaction of (1) with tetralin
in boiling cyclohexane but could not be isolated in a
pure form due to its contamination by PCys. The 'H
NMR spectrum of 5 in CgDg shows two multiplets
centered at § 5.35 and 5.20 assignable to the n°-bound
arene ring of tetralin. The presence of two hydrides
coupled to one phosphorus atom is evidenced by a
doublet at § —10.45 (Jp—g = 42.3 Hz) and this find-
ing is supported by the transformation of the sharp

singlet at 8 78.6 in the 3'P{'H} NMR spectrum into
a triplet (Jp—g = 42Hz) upon selective decoupling
of PCys protons. The signals of the H'** protons of
the saturated ring of tetralin appear as a multiplet at
8 ca. 2.60, while the signals of the H>3 protons are
probably hidden under the resonances of the PCys
protons between 1.9 and 1.0 ppm. Finally, integra-
tion of the hydrides against the arene ring protons
indicate a 1:2 ratio, in agreement with the proposed
structure. Product 5 is therefore, a ruthenium(Il) com-
plex in which the metal atom coordinates one tetralin
ligand through an m%-bound arene ring along with
two hydrides and one tricyclohexylphosphine ligand.
The same product has been found in small quantities
on termination of the hydrogenation tests of naph-
thalene.

3.4. Hydrogenation of anthracene

Anthracene is reduced in the standard conditions in
less than 4 h into a mixture of 1,2,3,4-tetrahydroanth-
racene (4H-An) (93%) and 1,2,3,4,5,6,7,8-octahydro-
anthracene (8H-An) (7%) (Table 1). The total
conversion of anthracene and the presence of these
two products suggest that after hydrogenation of
the first ring, the reaction proceeds on prolonged
reaction time to the hydrogenation of the second
ring but with a much slower rate. Interestingly, no
9,10-dihydroanthracene was detected. This compound
is the typical product of catalysis proceeding through
a radical mechanism [54]. The mixture of hydro-
genation products of anthracene has been isolated as
a white product after a 24 h reaction and analyzed
by GC and '"H NMR in C¢Dg. The assignments for
4H-An and 8H-An are given in Table 2.

The observation that 4H-An is an intermedi-
ate in the formation of 8H-An contrasts to the
results reported by Crabtree et al. [55], Caulton
et al. [56], and Halpern and Linn [45] for poly-
hydrido triphenylphosphine complexes of Ir, Re
and Ru, respectively. However, the almost exclu-
sive production of 4H-An prior to the formation of
8H-An, without detectable 9,10-dihydroanthracene,
has also been observed by Rothwell et al. for
[Nb(OCgH3Ph,-2,6),(CH,CgHy-4Me);] and  [Ta-
(OCgH3Cy»-2,6)2(H)3(PMe;Ph),] under comparable
conditions except for the considerably higher pressure
(83 bar Hy) [40-44].
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Finally, we have checked that 9,10-dihydroanthra-
cene is not hydrogenated under our standard condi-
tions.

3.4.1. Synthesis of[Rqu(n4-C14H10)(PCy3)2] (6)

Reaction of 1 with a small excess of anthracene in
cyclohexane or diethyl ether under argon yields a yel-
low product analyzed as [Rqu(n4—C14H10)(PCy3)2]
(6). The "H NMR spectrum of 6 (Table 2) shows two
resonances for the H'* and H>3 protons of the co-
ordinated anthracene ring as multiplets at § 5.62 and
4.20, respectively. The hydrides resonate as a triplet at
6 —11.25 (Jp—y = 28.5 Hz) due to coupling with two
equivalent frans-phosphorus atoms which display a
singlet at 8 67.9 in 3'P NMR. The proton signal trans-
forms into a singlet upon phosphorus decoupling. The
relatively low value of proton—phosphorus coupling
found for 6 (28.5Hz) suggests an m*-coordination
mode for anthracene since previous data concern-
ing comparable hydrido phosphino arene ruthenium
complexes report values below 30 Hz [57], whereas
the coupling constant Jp—yg is found above 40Hz
for complexes accommodating m®-coordinated arenes
[51,58].

The H'* and H>3 proton resonances are consider-
ably shifted upfield as compared with the analogous
signals for free anthracene (cf. Table 2). The reso-
nances of the H>® and H®7 protons appear as dou-
blets of doublets and are only slightly shifted. The
integration ratio between the hydride signal and the
signals for protons H1’4, H2*3, HS’S, H®7 and H10 is
1:1:1:1:1:1. The pattern found for 6 resembles that of
[Fe(CO)g(n4—C 14H10)] [59]. n4—Anthracene coordina-
tion rather than m°® [60] is additionally supported by
the 13C NMR spectra of 6 in which the C>3 and C!4
carbon resonances are shifted upfield to § 79.6 and
60.8, respectively. Finally, n*-coordination ensures an
18-valence-electron configuration for this complex.

3.4.2. Hydrogenation of anthracene with 6 used
as a catalyst precursor

Product 6 also acts as a hydrogenation catalyst lead-
ing to a total conversion of anthracene into a mixture
of 4H-An (90%) and 8H-An (10%) after 24 h (80°C,
3bar H», see Table 1). Since 6 readily forms from 1
by substitution of two dihydrogen molecules, it is very
likely that 6 may be involved, as a transient form, in a
catalytic cycle for anthracene hydrogenation. Another

observation supports this hypothesis. Bubbling dihy-
drogen through a C¢Dg solution of 6 in an NMR tube
leads to rapid and total restoration of 1 along with
the liberation of anthracene and formation of some
amounts of 4H-An and 8H-An.

When considering these findings, we can propose
a very simple catalytic cycle for the hydrogenation of
anthracene to 4H-An (Scheme 1) which starts with the
dissociation of two Hy molecules creating a vacancy
allowing anthracene coordination in an m*-mode. The
rest of the catalytic cycle, although not investigated is
presumably straightforward. At the end of the catalytic
reaction, either a new anthracene molecule may coor-
dinate to Ru forming 6 and starting a new catalytic
cycle or the bis(dihydrogen) complex 1 regenerates
upon coordination of two H, molecules. Reduction of
the second external ring of 4H-An begins presumably
when most (or all) of the anthracene is consumed.

3.5. Hydrogenation of naphthalene and
anthracene under 20 bar Hy

The results of naphthalene and anthracene hydro-
genation performed under a pressure of 20 bar of di-
hydrogen (Table 3) cannot be compared directly with
those obtained under a lower pressure (3 bar, Table 1)
since the volumes of the reaction mixtures and the
catalyst concentrations differ considerably. A general
trend can nevertheless be assessed. Naphthalene has
been hydrogenated to tetralin at considerably slower
rate in the presence of 20 bar of dihydrogen leading to
a turnover number of only 1.5 after 24 h. The hydro-
genation of anthracene has been less affected by the

Table 3

Hydrogenation of arenes at 80°C under 20 bar Hy?*

Substrate Time Conversion Products TONP
(h) (%) (%)

Naphthalene 24 3 Tetralin (100) 1.5

Anthracene 4 47 4H-An® (100) 23.5

Anthracene 24 93 4H-An® (91) 46.5

8H-And (2) 1

 Catalyst precursor: [RuHz(Hz)2(PCy3)2] (1) in 20ml cy-
clohexane solvent [Ru] = 1.5 x 1073 M, [arene] = 0.075M,
arene/Ru = 50.

Y TON is defined as mole of product formed per mole of Ru.

¢ 4H-An: 1,2,3,4-tetrahydroanthracene.

d8H-An: 1,2,3,4,5,6,7,8-octahydroanthracene.
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increase of hydrogen pressure. After 4 h of reaction,
47% conversion of anthracene into exclusively 4H-An
was observed which corresponds to a turnover number
of 23.5. After 24 h, anthracene conversion to 4H-An
reached 91% and only 2% 8H-An could be found in
the reaction mixture.

In these arene hydrogenation reactions catalyzed by
1, we have observed that the increase of dihydrogen
pressure from 3 to 20 bar reduces the reaction rates.
This trend is rather exceptional in hydrogenation reac-
tions. In general, an increase of dihydrogen pressure
results in an increase of the reaction rate or has no
influence on it. The results of our studies allow us to
propose that similarly to many other catalytic systems
involving dihydrogen complexes [61], it is the dis-
sociation of dihydrogen molecules that provides free
coordination sites for substrate coordination. This
dissociation is disfavored at high pressure of dihydro-
gen. As a result, a considerably lower conversion of
arenes to hydrogenation products is observed when
increasing dihydrogen pressure.

4. Conclusions
We have described in this paper the catalytic

activity of [RuH>(H)>(PCy3)2] (1) for arene hy-
drogenation. In methylcyclohexane solution, 1 is

77

considerably less active for benzene hydrogenation
than [(n°-CsMeg)Ru(p-H)2(1-ChRu(n°-CcMeg)ICI
in neat benzene [21] or [H4Ru4(n6—C6H6)4][BF4] in
the ionic liquid [7] (0.11 molmol~' h™! against 246
and 364 molmol~' h™!, respectively). Furthermore,
the absence of hydrogenation products in reactions
performed in neat benzene in the presence of mercury
may suggest the involvement of metal particles.

A better conversion has, however, been achieved for
naphthalene which has been reduced re-gioselectively
to tetralin, and for anthracene which is hydro-
genated even more readily into tetrahydro- and
octahydro-anthracene in consecutive reactions. Func-
tionalized arenes (toluene, chlorobenzene, durene),
tetralin, phenanthrene and 9,10-dihydroanthracene
have not been reduced in these reactions. In the latter
case, the reason may be steric (sp°> hybridisation of C°
and C!0 carbons cause that this three-ring molecule is
not planar); the high resonance energy of the isolated
external aromatic ring may also account for these
observations. However, 1 is almost as efficient as a
catalyst precursor for hydrogenation of naphthalene
and anthracene as Nb and Ta complexes incorporating
aryloxide ligands [40,44].

Complex 1 can be used directly for hydrogenation
reactions or can be generated in situ from 2. Product
1 is the major species detected all along the catalytic
reaction. After termination of the hydrogenation

PCy3
H
OO‘ H 7 | M
e O
0|
PCy3
(1)
TCys
2H, — R‘\’—H 2H,

Scheme 2.
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reactions of benzene and naphthalene, 1 has been
found by NMR to be virtually the only complex
present in the reaction solution. A very small amount
of other complexes (3 in the case of benzene hydro-
genation, or 4 and 5 in the case of hydrogenation of
naphthalene) have been found in the reaction mix-
tures. They seem to be the products of side reactions.
These complexes have been isolated in separate exper-
iments by direct reaction of 1 with the corresponding
arene in a dihydrogen free atmosphere (Schemes 1
and 2). The isolated complex 6 shows a catalytic
activity for anthracene hydrogenation which suggests
its intermediary role in the catalytic cycle.

Somewhat surprisingly, the increase of hydrogen
pressure up to 20 bar, lowers conversion to the ex-
pected hydrogenation products in all the cases. This
can be best explained by the reduced accessibility of
free coordination sites for large arene molecules due
to an increased stabilization of the bis(dihydrogen)
complex 1.

Acknowledgements

Financial support from the Polish Academy of Sci-
ences and the CNRS under contract no. 2722 is grate-
fully acknowledged.

References

[1] G.W. Parshall, S.D. Ittel, Homogeneous Catalysis: the
Applications and Chemistry of Catalysis by Soluble Transition
Metal Complexes, 2nd Edition, Wiley/Interscience, New York,
1992.

[2] PA. Chaloner, M.A. Esteruelas, F. Jo6, L.A. Oro,
Homogeneous Hydrogenation, Kluwer Academic Publishers,
Dordrecht, 1994.

[3] K. Weissermel, H.-J. Arpe, Industrial Organic Chemistry, 2nd
Edition, VCH, Weinheim, 1993.

[4] H. Gao, R.J. Angelici, J. Am. Chem. Soc. 119 (1997) 6937.

[5] H. Gao, R.J. Angelici, J. Mol. Catal. A: Chem. 149 (1999)
63.

[6] H. Yang, H. Gao, R.J. Angelici, Organometallics 19 (2000)
622.

[7]1 J.P. Dyson, D.J. Ellis, D.G. Parker, T. Welton, Chem.
Commun. (1999) 25.

[8] G. Meister, G. Rheinwald, H. Stoeckli-Evans, G. Siiss-Fink,
J. Chem. Soc., Dalton Trans. (1994) 3215.

[9] L. Plasseraud, G. Siiss-Fink, J. Organomet. Chem. 539 (1997)
163.

[10] E. Garcia Fidalgo, L. Plasseraud, G. Siiss-Fink, J. Mol. Catal.
A: Chem. 132 (1988) 5.

[11] J. Schulz, A. Roucoux, H. Patin, Chem. Eur. J. 6 (2000) 618.

[12] R.J. Bonilla, B.R. James, P.G. Jessop, Chem. Commun. (2000)
941.

[13] R.H. Fish, in: R. Ugo (Ed.), Aspects of Homogeneous
Catalysis, Vol. 7, Kluwer Academic Publishers, Dordrecht,
1990, p. 65.

[14] I. Rajca, V.V. Abalayeva, A.F. Borowski, Fuel 61 (1982) 1292.

[15] I. Rajca, A.F. Borowski, A. Marzec, Erdol u. Kohle 35 (1982)
36.

[16] I. Rajca, A.F. Borowski, Chem. Stosowana 27 (1983) 347.

[17] A.F. Borowski, Transition Met. Chem. 8 (1983) 266.

[18] O.N. Efimov, M.L. Khidekel, V.A. Avilov, P.S. Chekrii, O.N.
Eremenko, A.G. Ovcharenko, J. Gen. Chem. (USSR) 38
(1968) 2581.

[19] V.A. Avilov, Yu.G. Borod’ko, V.B. Panov, M.L. Khidekel’,
P.S. Chekrii, Kinet. Catal. (USSR) 9 (1968) 582.

[20] O.N. Efimov, O.N. Eremenko, A.G. Ovcharenko, M.L.
Khidekel’, P.S. Chekrii, Bull. Acad. Sci. USSR, Chem. Sect.
(1969) 778.

[21] M.A. Bennett, T.-N. Huang, T.W. Turney, J. C. S. Chem.
Commun. (1979) 312.

[22] M.A. Bennett, T.-N. Huang, A.K. Smith, T.W. Turney, J. C.
S. Chem. Commun. (1978) 582.

[23] K.R. Januszkiewicz, H. Alper, Organometallics 2 (1983) 1055.

[24] M.J. Russel, C. White, P.M. Maitlis, J. C. S. Chem. Commun.
(1977) 427.

[25] M.A. Bennett, Chemtech (1980) 444.

[26] E.L. Muetterties, F.J. Hirsekorn, J. Am. Chem. Soc. 96 (1974)
4063.

[27] EJ. Hirsekorn, M.C. Rakowski, E.L. Muetterties, J. Am.
Chem. Soc. 97 (1975) 237.

[28] E.L. Muetterties, M.C. Rakowski, F.J. Hirsekorn, J. Am.
Chem. Soc. 97 (1975) 1266.

[29] M.C. Rakowski, F.J. Hirsekorn, L.S. Stuhl, E.L. Muetterties,
Inorg. Chem. 15 (1976) 2379.

[30] J.W. Johnson, E.L. Muetterties, J. Am. Chem. Soc. 99 (1977)
7395.

[31] L.S. Stuhl, M. Rakowski Du Bois, E.J. Hirsekorn, J.R. Bleeke,
A.E. Stevens, E.L. Muetterties, J. Am. Chem. Soc. 100 (1978)
2405.

[32] M.Y. Darensbourg, E.L. Muetterties, J. Am. Chem. Soc. 100
(1978) 7425.

[33] A.J. Sivak, E.L. Muetterties, J. Am. Chem. Soc. 101 (1979)
4878.

[34] E.L. Muetterties, J.R. Bleeke, Acc. Chem. Res. 12 (1979)
324.

[35] K. Jonas, Angew. Chem. Int. Ed. Engl. 24 (1985) 295.

[36] C.R. Landis, J. Halpern, Organometallics 2 (1983) 840.

[37] S.L. Grundy, A.J. Smith, H. Adams, PM. Maitlis, J. Chem.
Soc., Dalton Trans. (1984) 1747.

[38] B. Cornils, W.A. Herrmann (Ed.), Applied Homogeneous
Catalysis with Organometallic Compounds, VCH, Weinheim,
1996.

[39] 1.S. Yu, LP. Rotwell, J. Chem. Soc., Chem. Commun. (1992)
632.

[40] J.S. Yu, B.C. Ankianiec, M.T. Nguyen, I.P. Rotwell, J. Am.
Chem. Soc. 114 (1992) 1927.



A.E. Borowski et al./Journal of Molecular Catalysis A: Chemical 174 (2001) 69-79 79

[41] LP. Rotwell, Chem. Commun. (1997) 1331.

[42] B.C. Ankianiec, B.C. Fanwick, I.P. Rotwell, J. Am. Chem.
Soc. 113 (1991) 4710.

[43] B.D. Steffey, R.W. Chesnut, J.L. Kerschner, P.J. Pellechia,
PE. Fanwick, I.P. Rothwell, J. Am. Chem. Soc. 111 (1989)
378.

[44] B.D. Steffey, I.P. Rothwell, J. Chem. Soc., Chem. Commun.
(1990) 213.

[45] D.E. Linn, J. Halpern, J. Am. Chem. Soc. 109 (1987) 2969.

[46] S. Sabo-Etienne, B. Chaudret, Coord. Chem. Rev. 178-180
(1998) 381.

[47] A.F. Borowski, B. Donnadieu, J.-C. Daran, S. Sabo-Etienne,
B. Chaudret, Chem. Commun. (2000) 543.

[48] A.F. Borowski, S. Sabo-Etienne, M.L. Christ, B. Donnadieu,
B. Chaudret, Organometallics 15 (1996) 1427.

[49] D.R. Anton, R.H. Crabtree, Organometallics 2 (1983) 855.

[50] D. Morton, D.J. Cole-Hamitton, I.D. Utuk, M. Paneque-Sosa,
M. Lopez-Poveda, J. Chem. Soc., Dalton Trans. (1989) 489.

[51] H. Werner, H. Kletzin, K. Roder, J. Organomet. Chem. 355
(1988) 401.

[52] R. Shaw, D.M. Golden, S.W. Benson, J. Phys. Chem. 81
(1977) 1716.

[53] B. Chaudret, P. Dagnac, D. Labroue, S. Sabo-Etienne, New
J. Chem. 20 (1996) 1137.

[54] H.M. Feder, J. Halpern, J. Am. Chem. Soc. 97 (1975) 7186.

[55] R.H. Crabtree, M.F. Mellea, J.M. Mihelcic, J.M. Quirk, J.
Am. Chem. Soc. 104 (1982) 107.

[56] D.G. De Wit, K. Folting, W.E. Streib, K.G. Caulton,
Organometallics 48 (1985) 1149.

[57] R. Wilczynski, W.A. Fordyce, J. Halpern, J. Am. Chem. Soc.
105 (1983) 2066.

[58] G. Chung, T. Arliguie, B. Chaudret, New J. Chem. 16 (1992)
369.

[59] T.A. Manuel, Inorg. Chem. 3 (1964) 1794.

[60] A.M. McNair, K.R. Mann, Inorg. Chem. 25 (1986) 2519.

[61] M.A. Esteruelas, L.A. Oro, Chem. Rev. 98 (1998) 577.



