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The oxygen transfer reagent, Me3NO - 2H2O and PhIO, can distinctly promote the coordinative
hydrogenation of hex-1-ene, methyl methacrylate, and styrene catalyzed by heterometallic carbonyl
clusters, (u3-S)RuCo2(CO)g and (u3-Se)RuCoz(CO)g. The tetrahedron structure of the metal clus-
ter catalyst was confirmed by the single-crystal X-ray diffraction. The tetrahedral skeleton of the
catalyst keeps intact in catalytic process. For hex-1-ene in methanol solution, [Hex-1-ene]/[Cat.] =
200, [Me3NO - 2H20]/[Cat.] = 4, p = 5.0—6.0 MPa, 60°C and 24 h are the best reaction conditions.
A plausible mechanism of the promotion of the OTR is given.

Transition metal clusters attract a considerable at-
tention recently [1—3]. One of the highlights of recent
research is the application of metal clusters in cataly-
sis [4—7].

However, there is little definitive evidence demon-
strating conclusively that intact cluster skeleton serves
as active homogeneous catalyst [2, 4]. Our research
object is the application of a chiral skeletal cluster in
an asymmetric reaction with an essential enantiomer
excess of chiral product in the absence of any chiral
organic auxiliary compounds [8, 9].

Due to the lability of conventional metal skeletal
clusters, a facile fragmentation usually occurred under
catalytic conditions. We advocate the use of transition
metal clusters bound by stable, nonfluxional bridg-
ing ligands to inhibit the cluster fragmentation during
catalytic process [8, 9]. We have solved this problem
by synthesizing a series of chiral metal skeletal clus-
ters containing p3-S/Se bridging ligand [10—13]. A
high stability of these metal skeletons during catal-
ysis process has been confirmed [8]. Nevertheless, a
subsequent question is the fairly low hydrogenation
activities of these skeletal catalysts. Thus, the first
problem is how to improve the skeletal activities of
the catalyst in activation and transformation of hydro-
gen in catalysis. Here, we report on the hydrogenation
of hex-1-ene, styrene, and methyl methacrylate cat-
alyzed by a heterometallic cluster and promoted by
oxygen transfer reagent (OTR), MesNO-2H,0 and
PhIO.

EXPERIMENTAL

All the solvents were dried by the previously re-
ported method. (u3-S)RuCos(CO)e [14], (us-Se)Ru-
Co2(CO)g [14], Me3NO - 2H, O [15] and PhIO [16] were
prepared according to the literature. All the solvents
and other reagents were of anal. grade.

IR spectra were recorded with a Nicolet FTIR
10DX spectrometer using KBr discs in the range 400—
4000 cm™!. The organic products obtained in the cat-
alytic reactions were analyzed with a Shanghai FID
1102-II gas chromatograph (Shanghai Apparatus Fac-
tory), equipped with a SE-52 capillary column (0.3
mm X 25 m) [17]. The identification of hex-2-ene and
hex-3-ene was carried out on an HP-5988A GC-MS
spectrometer by comparison with their standard MS
spectra.

Unless otherwise specified the hydrogenation was
performed in sealed stainless steel vials (50 cm® vol-
ume), each containing 10 cm® of methanolic solution
of a cluster and an alkene. The vial was flushed with
hydrogen 3 times and was kept in thermostated oil
for the chosen time on a magnetic stirrer. Details of
the concentrations of clusters and substrates, and cat-
alytic conditions are given in Table 1.

X-Ray Crystallography

The catalysts, (13-S/Se)RuCoz(CO)g, were mea-
sured by X-ray crystal diffraction to confirm their

*The author to whom the correspondence should be addressed.

Chem. Papers 53 (5) 295—298 (1999)

295



QING-SHAN LI, ER-RUN DING, SHU-LIN WU, YU-HUA ZHANG, YUAN-QI YIN

Table 1. The Hydrogenation and Isomerization of Hex-1-ene Promoted by OTR®

Yield/%
No. [OTR]/[Cat.] Mole ratio Conv./%
Hexane Hex-3-ene  Hex-2-ene
1 Me3NO - 2H,0/SRuCo2(CO)g 0/1 1.0 1.0
2 Me3NO - 2H,0/SRuCo,(CO)g 11 2.4 2.4
3 Me3NO - 2H,0/SRuCoz(CO)g 2/1 17.8 8.0 5.9 3.9
4 Me3zNO - 2H20/SRuCo2(CO)g 3/1 96.6 10.1 63.3 23.2
5 MezNO - 2H20/SRuCoz(CO)e 4/1 56.2 20.7 20.8 14.7
6 Me3NO - 2H20/SeRuCo2(CO)g 0/1 -
7 Me3NO - 2H;0/SeRuCoz (CO)g 1/1 1.6 1.6
8 Me3zNO - 2H;0/SeRuCoz(CO)g 2/1 12.1 4.1 4.8 3.2
9 MezNO - 2H,0/SeRuCoz(CO)g 3/1 18.5 7.2 6.9 4.4
10 Me3NO - 2H20/SeRuCo2(CO)g 4/1 Compare Table 3
11 PhIO/SRuCo2(CO)s 0/1 5.5 3.7 1.1 0.7
12 PhIO/SRuCo2(CO)g 3/1 10.0 5.4 2.6 2.0
13 Me3NO - 2H,0/SRuCo2(CO)g 3/1 61.7 9.0 31.6 21.1

a) Reaction conditions: methanol, 10 cm3; hex-1-ene, 4 mmol (0.5 cm?); catalyst (Cat.), 0.02 mmol. 1—10: pressure (p) = 4.0 MPa;
temperature (6) = 60°C; time (7) = 24 h; 11, 12: p = 5.0 MPa; § = 60°C; 7 = 24 h; 13: p = 5.0 MPa; § = 50°C; 7 = 12 h.

(ﬂs-S)RUCOz(CO)g

05

(u3-Se)RuCox(CO)s

Fig. 1. The single-crystal structure of (3-S/Se)RuCoz(CO)g. Selected bond lengths (nm) and angles (°): in (u3-S)RuCoz(CO)s,
Ru(1)—Co(1) 0.2671(3), Ru(1)—Co(2) 0.2620(3), Ru(1)—S(1) 0.2240(5), Co(1)—Co(2) 0.2620(3), Co(1)—S(1) 0.2253(5),
Co(2)—S(1) 0.2230(5); Co(1)—Ru(1)—Co(2) 59.35(7), Co(1)—Ru(1)—S(1) 53.8(1), Co(2)—Ru(1)—S(1) 53.9(1), Ru(1)—
Co(1)—Co(2) 59.35(7), Ru(1)—Co(1)—S(1) 53.3(1), Co(1)—Co(2)—S(1) 54.7(1), Co(2)—Co(1)—S(1) 53.8, Ru(1l)—
Co(2)—S(1) 54.3; in (ua-Se)RuCoz(CO)9, Ru—Se 0.2368(1), Ru—Co(1) 0.2594(1), Ru—Co(2) 0.2623(1), Se—Co(1)
0.2343(1), Se—Co(2) 0.2358(1), Co(1)—Co(2) 0.2597(1); Se—Ru—Co(1) 56.12(4), Se—Ru—Co(2) 56.10(4), Co(1)—Ru—
Co(2) 59.70(3), Ru—Se—Co(1) 66.81(4), Ru—Se—Co(2) 67.43(4), Co(1)—Se-Co(2) 67.07(4), Ru—Co(1)—Co(2) 60.72(3),

Se—Co(1)—Co(2) 56.75(4).

tetrahedral structures with a p3-S/Se bridging ligand.

The red prismatic crystals used for X-ray determi-
nation were obtained from their hexane solution at 0
°C. Preliminary examination and data collection were
performed on a Rigaku AFC7R diffractometer with
graphite monochromated Mo-Ka radiation and a 12
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kW rotating anode generator.

(u3-S)RuCoz(CO)y: triclinic; lattice parameters, a
= 1.3207(3) nm, b = 1.3505(3) nm, ¢ = 0.9733(2) nm,
a = 108.26(2)°, 8 = 97.16(2)°, v = 109.37(2)°, V =
1.5036(6) nm?; space group, P1; Z = 2; R = 0.060; R,,
— 0.080 (Fig. 1).
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HYDROGENATION OF ALKENE

Table 2. The Promotion of OTR of the Hydrogenation of Other Alkenes

No. Substrate [OTR]/[Cat.] Mole ratio Conv./% Yield/%
14 Methyl methacrylate Me3NO - 2H20/SRuCo2(CO)g 0/1 20.3 -
15 MesNO - 2H;0/SRuCoz(CO)o 3/1 60.7 41.6
16 Me3zNO - 2H20/SeRuCo2(CO)g 0/1 10.6 0.5
17 Me3NO - 2H,0/SeRuCoz (CO)g 4/1 31.1 10.0
18 Styrene Me3NO - 2H20/SRuCo2(CO)g 0/1 23.2 0.72
19 MesNO - 2H,0/SRuCoz(CO)g 3/1 58.4 18.8
20 Me3NO - 2H;0/SeRuCoz (CO)g 0/1 32.0 2.2
21 MegNO - 2H20/SeRuCoz (CO)g 3/1 65.4 25.6

Reaction conditions, 14 —17: substrate methyl methacrylate, 9.4 mmol (1 cm?®); methanol, 10 cm3; (u3-S/Se)RuCo2(CO)g, 0.02

mmol; p = 6.0 MPa;

= 60°C; T = 24 h; 18 —21: substrate styrene, 8.7 mmol (1 cm3); methanol, 10 cm3; (u3-S/Se)RuCoz(CO)o,

0.02 mmol; p = 6.0 MPa; § = 50°C (for 18 and 19); 6§ = 60°C (for 20 and 21); T = 24 h.

Table 3. The Effects of Hydrogen Pressure and Reaction Temperature on Hydrogenation and Isomerization of Hex-1-ene

Yield/%
No. p/MPa 8/°C Conv./%
Hexane Hex-3-ene Hex-2-ene

22 3.0 60 66.2 6.5 35.1 24.6

5 4.0 60 56.2 20.7 20.8 14.7
23 5.0 60 52.3 26.6 15.3 10.4
24 6.0 60 98.4 27.0 58.3 13.1
25 6.0 70 95.9 16.4 55.8 23.7
26 4.0 40 5.3 4.5 - 0.8
27 4.0 50 18.6 7.2 6.9 4.5
10 4.0 60 64.5 9.2 32.2 23.1
28 6.0 50 18.9 8.4 7.1 3.4
29 7.0 70 83.0 15.0 44.7 23.3

Reaction conditions: methanol, 10 cm3; hex-1-ene, 4 mmol (0.5 cm?); catalyst (Cat.), 0.02 mmol; MesNO - 2H20, 0.08 mmol;
[OTR]/[Cat.] = 4 (mole ratio); 7 = 24 h. 22, 5, 23—25: Cat. SRuCo2(CO)s; 26, 27, 10, 28, 29: Cat. SeRuCo2(CO)s.

(3-Se)RuCoz(CO)g: triclinic; lattice parameters,
a = 0.8893(2) nm, b = 1.1564(3) nm, ¢ = 0.8048(2)
nm, a = 100.29(2)°, B = 111.25(2)°, v = 86.37(2)°, V
= 0.7590(3) nm?; space group, P1; Z = 2; R = 0.053;
Ry = 0.079.

The carbonyls are all terminal in (u3-S/Se)RuCo,-
(CO)s-

RESULTS AND DISCUSSION

The Promotion of OTR to the Hydrogenation
of Alkene

The catalysis shows a low catalytic activity in
the hydrogenation and isomerization of hex-1-ene,
but a distinct improvement is obtained when pro-
moted by OTR, MesNO:-2H,0 or PhIO, in cat-
alytic conditions (Table 1). However, the promo-
tion of OTR is not so obvious until [Me3NO-
2H20]/[(/13-S/S€)Ru002(CO)Q] =4 and [PhIO]/[(,u:g—
S)RuCoz(CO)g] = 3 (mole ratio), perhaps for the rea-
son that the strong reduction conditions of high pres-
sure hydrogen atmosphere make the oxidation of OTR,
lower (reactions 1—5 and 6—10). Comparing to that
of MegNO - 2H, 0, the promotion of PhIO is somewhat
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weaker, due to the existence of the following equilib-
rium in methanol solution (reactions 11—13).

PhIO + 2CH; OH=PhI(OCH3), + H,0

The promotion of OTR to the mixed-metal cluster
also appeared in the catalytic hydrogenation of other
alkenes, such as methyl methacrylate and styrene. The
detailed results and catalytic conditions are listed in
Table 2.

The Optimization of the Catalytic Conditions
for the Hydrogenation and Isomerization of
Hex-1-ene

The hydrogen pressure and reaction temperature
have a great effect on the hydrogenation and isomer-
ization of hex-1-ene. The increase of hydrogen pressure
favours the hydrogenation, and the increase of temper-
ature favours the isomerization of hex-1-ene (Table 3).

Mechanism of the Promotion of the OTR

The plausible mechanism of the promotion of the
OTR can be elucidated as Scheme 1. The nucleophilic
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slow

Me,NO + M(CO),— [(OC),,-1M—CE =0 RS

(OC),.;M + CO, + Me;N Ry

Scheme 1

atom O of Me3NO favours the attack mainly at a car-
bonyl carbon equivalent to a carbonyl converting to
COs, released. Thus, the unsaturated intermediate can
offer the substrate more opportunity to coordinate to
the metal cluster [18, 19], which is the essential re-
quirement in the hydrogenation of alkene. Therefore,
the (OC),—1M can be believed to be an active inter-
mediate complex.

IR Spectra of the Catalysts

The absorptions of carbonyl appeared at 2105
cm™!, 2053 cm~!, 1979 cm™! and 2102 cm™!, 2049
cm™!, 1986 cm™! in the respective (u3-S)RuCoz(CO)g
and (p3-Se)RuCo2(CO)g. The comparison of the IR
spectra between the new species separated after reac-
tion and the original cluster shows no obvious changes
in carbonyl region, either in frequency or in intensity.
The new absorptions appearing at 700.2 cm™?, 758.1
em~!, 1599.1 em™!, and 3026.5 cm™! in the IR spec-
tra of the catalyst separated after reaction 8 (Table
2) suggest that the substrate styrene coordinated to
the metal cluster, in other words, the skeleton of the
cluster keeps intact in catalytic process.
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