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Abstract

The tetranuclear phosphido cluster Cp*MoRu;(CO),o(u-H),(u-PPh,) (5) and the phosphinidene cluster Cp*MoRu ;(CO);ofu4-
H)(p.3-PPh) (6) have been synthesized by reaction of Ru3(CO);o(u-HXp-PPh;) with excess molybdenum hydride Cp*Mo(CO);H
in refluxing toluene solution. Crystals of § are monoclinic, space group P 2,, with a = 10.708(2), b = 10.848(4), ¢ = 14.885(2) A,
B =97.63(2F, Z=2, R=10.021, R,, = 0.019 for 3025 observed reflections. The cluster has a tetrahedral array of metal atoms with
one edge-bridging and one face-bridging hydride, and a phosphido ligand bridged across a basal Ru—Ru edge. Thermolysis of §
under similar conditions produced the phosphinidene cluster 6 in high yield via elimination of a benzene molecule, indicating that §
is an intermediate in the formation of 6. Subsequent treatment of 6 with CO caused fragmentation of the cluster affording a
trinuclear phosphinidene cluster Cp*MoRuy(CO)s(u-HXu;-PPh) (7). Dimerization of 7 occurred upon thermolysis to afford
hexanuclear Cp;Mo,Ru (CO),(u-PPh), (8), which has also been characterized by X-ray diffraction. Crystal data of 8: space
group C 2/c; a = 45.333(7), b= 10.185(2), ¢ = 21.915(8) A, B = 93.82(3F, Z = 8. The structure was solved by direct method and
refined to R and R,, of 0.035 and 0.030 for 6135 observed reflections with I > 2¢(J). The molecule adopts a square pyramidal
MoRu, skeleton w'rth a tentacle Mo atom bridging a Ru-Ru edge, on which the novel u,-n*CO ligand is associated with the
butterfly Mo,Ru, array; one p,-PPh ligand occupies a MoRu, square face and a second p5-PPh ligand caps a MoRu, face.
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1. Introduction

The chemistry of mixed-metal clusters of transition-
metals has been the subject of considerable research
activity [1]. This has been stimulated by a belief that
the various metals present in mixed-metal clusters may
show reactivity patterns or structure very different from
those of their homometallic analogues. With the aims
of examining and comparing the basic of patterns of
reactivity of heterometallic clusters, we have synthe-
sized and characterized a series of trimetallic imido
clusters LWRu,(CO)g(u-HXp5-NPh), L = Cp and Cp*
[2], and closely related phosphinidene clusters
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LWRu(CO)g(u-HXp5-PPh) (1a, L = Cp, 1b, L = Cp*)
[3]. The reactivities of these imido and phosphinidene
heterometallic clusters have been explored [4]. In con-
trast to the higher thermal stability of imido clusters,
the phosphinidene derivative 1b, which was obtained
from the direct treatment of Ru;(CO),o(u-HXu-PPh,)
with Cp*W(CO),H through the formation of a tetranu-
clear precursor Cp*WRu,(CO);o(p;-HXp5-PPh) (2),
can undergo dimerization by elimination of H, and
CO to afford two hexanuclear cluster derivatives (3)
and (4) with an identical structural formula Cp;W,
Ru (CO),(u-PPh), (Scheme 1) [5]. This variation in
reactivity regarding the phosphinidene clusters is clearly
due to the phosphorus atom being bigger than nitro-
gen, and the possibility of increased coordination capa-
bility [6].
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In the present work on cluster assembly reactions,
we have varied the transition-metal atoms in an at-
tempt to examine the influence of transition metal
atoms on the structure and reactivity of cluster com-
pounds. We therefore reacted Ru;(CO),o(u-HXu-
PPh,) with Cp*Mo(CO),H. From the reaction mix-
ture, a small amount of an unknown phosphido cluster
Cp*MoRu,;(CO),4(p-H),(u-PPh,) (5) was isolated, in
addition to the expected tetranuclear phosphinidene
cluster Cp*MoRu4(CO),(n;-HXu5-PPh) (6) and tri-
nuclear cluster Cp*MoRu,(CO)¢(u-HXp4-PPh) (7);
their relationships were established. Furthermore,
heating of 7 in toluene afforded only one hexanuclear
derivative Cp;Mo,Ru(CO),,(u-PPh), (8), which is
isostructural with 4 but not with 3, as indicated by
X-ray diffraction measurements. In connection with
the tungsten-ruthenium and molybdenum-ruthenium
phosphinidene clusters that we synthesized, Schauer
and Carty have described the preparation of both a
triruthenium phosphinidene cluster [Ru;(CO)4(p-
HXu,-PPh)]~ by deprotonation of Ru,(CO)yo(pu-
H)Xu-PHPh) [7] and a novel nickel-ruthenium cluster
Cp,Ni,Ru,(CO)4(s-PPh) via condensation of unsatu-
rated trinuclear cluster Ru;(CO)o(p-HXu-PPh,) with
[CpNi(CO)], [8], respectively.

2. Experimental procedure

2.1. General information and materials

Infrared spectra were recorded on a Perkin-Elmer
2000 FT-IR spectrometer. 'H and ®C NMR spectra
were recorded on a Bruker AM-400 and a Varian
Unity-400 instrument, whereas 31p NMR spectra were
recorded on a Bruker AMX-300 instrument. Chemical

shifts are quoted with respect to internal standard
tetramethylsilane (!H and C NMR) and external
standard 85% H,PO, (*'P NMR). Mass spectra were
obtained on JEOL-HX110 instrument operating in fast
atom bombardment (FAB) mode. The phosphido
bridged triruthenium complex Ru;(CO)(u-HX -
PPh,) was prepared from the reaction of Ru;(CO),,
with diphenylphosphine in THF with sodium ben-
zophenone ketyl as catalyst followed by thermolysis at
50 to 55°C in heptane solution [9]. Molybdenum hy-
dride complex Cp*Mo(CO),;H was prepared from re-
action of (para-xylene)Mo(CO), with pentamethylcy-
clopentadiene [10}. All reactions were performed un-
der a nitrogen atmosphere using deoxygenated solvents
dried with an appropriate reagent. The progress of
reactions was monitored by analytical thin-layer chro-
matography (5735 Kieselgel 60 F,s,, E. Merck) and the
products were separated on thin-layer chromato-
graphic plates (Kieselgel 60 F,,, E. Merck). Elemental
analyses were performed at the NSC Regional Instru-
mentation Center at National Cheng Kung University,
Tainan, Taiwan.

2.2. Reaction of Ru y(CO),,(u-H)(u-PPh,) with Cp*Mo-
(CO);H

In a 100 ml round bottom reaction flask, the phos-
phido complex Ru(CO),o(u-HXu-PPh,) (100 mg,
0.128 mmol) and molybdenum hydride Cp*Mo(CO);H
(160 mg, 0.40 mmol) were dissolved in a toluene solu-
tion (50 ml) and kept at reflux for 20 min. The colour
changed gradually from orange to dark brown. After
the solution was cooled to room temperature, the
solvent was evaporated in vacuo and the residue was
separated by thin layer chromatography (dichloro-



J.-C. Wang et al. / Mixed-metal phosphido and phosphinidene clusters 145

TABLE 1. Experimental data for the X-ray diffraction studies of complexes 5 and 8

Compound 5

Formula C3,H50,9P;Mo;Ru;
Mol. wt. 999.66

Crystal system Monoclinic

Space group P2,

a(A) 10.708(2)

b(A) 10.848(4)

c(A) 14.885(2)

BCO) 97.63(2)

U (A 1713.8(8)
Temperature 25°C

VA 2

D, (gcm™3) 1.937

F(000) 972

Crystal size, mm. 0.20 X 0.45 X 0.45
h, k, | ranges —~1212,012,017
p(mm~1) 1.68

Absorption (T, & T,,,,.) 0.80, 1.00

No. of unique data (26,,,,) 3180 (50)

data with I > 2a(I) 3025

No. of atoms 72

No. of variables 432

R; Rw 0.021; 0.019
G.OF. 2.09

8

C4sH 1;C1,04;,P, Moy Ru,,
1503.83

Monoclinic

C2/c

45.333(7)

10.185(2)

21.915(8)

93.82(3)

10096(4)

25°C

8

1.979

5856

0.25 x 0.50 x 0.50
—-5151,011,024
1.84

0.93, 1.00

7898 (48)

6135

109

577

0.035; 0.030

222

methane: hexane = 1:7), giving 13 mg of red
Ru (CO),5(u5-PPh) (0.015 mmol, 12%), 10 mg of green
Ru(CO),5(p4-PPh) (0.01 mmol, 7%), 47 mg of orange
Cp*MoRu,(CO)g(p-HX 125,-PPh) (7, 0.063 mmol, 42%),
6 mg of black phosphido cluster Cp*MoRu ;(CO),,(u-
H),(x-PPh,) (5, 0.006 mmol, 4.7%) and 15 mg of dark-
red cluster Cp*MoRu;(CO),o(uns-HXp5-PPh) (6,
0.016 mmol, 13%) in the order of their elution.
Spectral data of 5: MS (FAB, ®*Mo, '®Ru), m /z
1006 (M™*); IR (C,H,,) »(CO): 2072s, 2021vs, 2006vw,
1997m, 1974s, 1865w, br, 1805w, br cm™!; 'H NMR
(CD,Cl,, RT): & 7.91-6.96 (m, 10H), 1.98 (s, 15H),
—13.65 (d, Jp_y=19.6 Hz), —1952 (d, Jp_yx=
11.2 Hz). ®C NMR (CD,Cl,, RT): CO, 5 242.5 (d, 2C,
Jp_c =39 Hz), 237.2 (5, 1C), 199.2 (s, 2C), 195.5 (s, 10),
192.9 (s, 2C), 192.4 (s, 2C). *'P NMR (CD,Cl,, RT): 6
367.1 (s). Elemental analysis: Found: C, 38.18; H, 2.80.
C;,H,,0,,PMoRu, calcd.: C, 38.37; H, 2.72%.
Spectral data of 6: MS (FAB, *Mo, '“Ru), m /z
928 (M*); IR (C,H,,)»(CO): 2063s, 2026vs, 2000vw,
1991m, 1973s, 1962m, 1893w, 1870m, 1796m cm™!; 'H
NMR (CDCl;, RT): & 8.19-8.11 (m, 2H), 7.66 (m, 3H),
1.80 (s, 15H), —19.14 (d, Jp_y; = 11.2 Hz). ®C NMR
(CDCl;, RT): CO, 6 261.7 (s, 10), 245.0 (d, 1C, Jp_ =
30 Hz), 2225 (d, 1C, Jp_=14Hz), 1985 (s, 10),
197.6 (d, 3C, Jp_ =8 Hz), 195.7 (5, 10), 192.2 (s, 10),
1919 (s, 1C). P NMR (CDCl,, RT): 5 410.7 (s).
Elemental analysis. Found: C, 32.25; H, 2.32. C,,;H ;-
Cl,0,,PMoRu; calcd.: C, 32.16; H, 2.30%.

Spectral data of 7: MS (FAB, *Mo, '®Ru), m/z
770 M™*); IR (C4H,,) »(CO): 2082s, 2061vs, 2021vs,
1995m, 1867w, br, 1819w, br cm~!; '"H NMR (CDCl,,
RT): 6 7.88 (m, 2H), 7.64 (m, 3H), 1.84 (s, 15H),
—-19.04 (d, 1H, Jp_; = 14.3 Hz). >C NMR (CD,Cl,,
213 K): CO, 6 239.9(s, 20), 197.3(d, 2C, Jp_ = 43 H2),
192.3 (d, 2C, Jp_c =7 Hz), 192.1 (d, 2C, Jp_ = 4 Hz);
8 1359 (d, 1C, Jp_c) =14 Hz, 135.2 (d, 20), Jp_c=
11 Hz), 131.1 (d, 1C, Jp_ =4 Hz), 129.4 (d, 2C, Jp_.
=11 Hz). *'P NMR (CDCl;, RT): 8 299.9 (s). Elemen-
tal analysis. Found: C, 37.60; H, 2.89. C,,H,,O,PMo-
Ru, caled.: C, 37.61; H, 2.76%.

2.2.1. Thermolysis of 5

A toluene solution (30 ml) of 5 (50 mg, 0.050 mmol)
was heated to reflux for 20 min, during which the
colour changed from dark-brown to red. The solvent
was evaporated and the residue separated by thin layer
chromatography (dichloromethane:hexane =1:1) to
afford 25 mg of 6 (0.027 mmol, 54%) as red-orange
powder.

2.2.2. Reaction of 6 with carbon monoxide

A toluene solution (30 ml) of 6 (60 mg, 0.065 mmol)
was refluxed under 1 atm of carbon monoxide for
15 min, during which the colour changed from red to
orange. The solvent was evaporated and the residue
was separated by thin layer chromatography (dichloro-
methane:hexane = 1:7), giving 3 mg of Ru,(CO),,
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(0.012 mmol) and 37 mg of 7 (0.049 mmol, 75%) as
orange powder.

2.2.3. Thermolysis of 7

A toluene solution (30 ml) of 7 (100 mg, 0.099 mmol)
was heated to reflux for two hours, during which the
colour changed from orange-red to dark-brown. After
allowing the solution to cool to room temperature, the
solvent was evaporated and the residue was separated
by thin layer chromatography (dichloromethane:hexane
=1:1), giving 20 mg of orange-red 7 (0.026 mmol),
4 mg of red 6 (0.004 mmol, 3%) and 45 mg of dark-
brown Cp*Mo,Ru(CO),,(u-PPh), (8, 0.032 mmol,
49%). Crystals of 8 suitable for X-ray analysis were
obtained by recrystallization from a layered solution of
dichloromethane-methanol at room temperature.

Spectral data of 8: MS (FAB, *®*Mo, '“Ru), m /z
1426 M*); IR (C4H,,) v(CO): 2051vs, 2019m, 1996s,
1974w, 1960m, 1944w, 1933w, 1917w, 1863vw, br, 1791w,
br cm™!; "H NMR (CDCl;, RT): 5 7.77-7.01 (m, 10H),
1.88 (s, 15H), 1.65 (s, 15H). >C NMR (CDCl,, 218 K):
CO, 6 271.5(d, Jp_y; = 8.5 Hz), 256.0 (d, Jp_,; = 8 Hz),
2352 (d, Jp_y =8 Hz), 231.0, 217.9, 211.8, 203.8 {dd,
Jp_y =33 and 9.7 Hz), 200.5, 200.3 (d, Jp_g = 29.6 Hz),
193.4, 190.6, 184.3. *'P NMR (CDCl,, RT): & 463.8 (s),
382.5 (s). Elemental analysis. Found: C, 36.17; H, 2.98.
C,sH,,Cl1,0,,P,Mo,Ru, caled.: C, 35.94; H, 2.82%.

2.3. X-ray crystallography

Lattice parameters of 5 were determined from 25
randomly selected high angle reflections with 26 angles
in the range 19.00-25.00. The space group P 2, was
identified on the basis of systematic absences and
intensity statistics. All reflections were corrected for
Lorentz, polarization and absorption effects. The ab-
sorption corrections were made by the ¥ scan method
and the minimum and maximum transmission factors
were 0.796 and 1.000, respectively. All data reduction
and refinement were performed using the NRcc-
spp-vax packages. The structures were solved by direct
method and refined by least squares cycle; all non-hy-
drogen atoms were refined with anisotropic thermal
parameters. The position of the bridging hydride lig-
ands was obtained from a difference Fourier synthesis
and refined 'accordingly. The hydrogen atoms of the
phenyl and pentamethylcyclopentadienyl groups were
calculated in the idealized positions vgith a fixed tem-
perature coefficient (U = U + 0.01 A?) and included
in the structure factor calculation.

Lattice parameters of 8 were determined from 25
randomly selected high angle reflections with 26 angles
in the range 18.64-25.26; the space group C2/c was
identified from the systematic absences and centric
intensity distribution of the data, and confirmed by

successfully solving the crystal structure. The absorp-
tion corrections were made by ¥ scan method and the
minimum and maximum transmission factors are 0.925
and 1.000, respectively. All data reduction and refine-
ment were performed using the NrRcc-sDP-vax pack-
ages. In the final stage of refinement, a CH,Cl,
molecule that came from the solvent mixture of recrys-

TABLE 2. Atomic coordinates and equivalent isotropic displacement
coefficients for 5

x y z By,
Mo  —0.28078(5) —0.54439(6) —0.20248(3)  2.333(21)
Rul -0.37158(5)  —0.78091 —0.13232(3)  2.467(20)
Ru2 -042350(5) —0.72791(5) —0.31728G)  2.329%(20)
Ru3 —0.54922(4) —0.58321(5) —0.19797(3)  2.213(20)
P —-0.64113(15) —0.72150(18) —0.30693(10) 2.63(7)
01  —03382(5) —0.7601(5) 0.0741(3) 6.3(3)
02 -0.14410) —0.9475(5) —0.1312(4) 6.3(3)
03  —0.521%4) -1.0181(4) ~0.1370(3) 3.93(23)
04  —0.4066(5) —1.0045(4) —-0.3411(3) 5.703)
05  —0.41825) —0.6621(6) —-0.5143(3) 6.1(3)
06  —0.6716(5) —0.3510(5) —0.2806(3) 5.8(3)
07  —0.707%4) —0.5632(5) —0.0468(3) 4.58(25)
08  —0.1367(4) —0.7621(5) —0.2982(3) 4.29(25)
09  —0.3921(4) —0.4377(5) -0.0353(3) 4.6(3)
010  —0.0944(5) —0.6513(5) —0.0459(4) 6.9(3)
Cl  —0.3514(6) —0.7645(6) —0.0036(4) 3.5(3)
C2  —0.224%6) —0.8814(7) —0.1327(4) 3.9(3)
3 —0471(6) —0.9281(6) —0.1376(4) 2.9(3)
C4  —0.4127(6) ~-0.9014(7) —-0.3327(4) 3.73)
C5  —0.4261(6) —0.6841(6) —0.4396(4) 3.4(3)
C6  —0.6240(6) -0.4391(7) —0.2506(4) 3.4(3)
C7  —0.649005) —0.5705(6) —0.1055(4) 2.93)
C8  —0.2336(6) —-0.7191(7) —0.2871(4) 3.703)
9 —0.3823(6) —0.4906(6) —0.1022(4) 3.6(3)
C10 ~0.1721(6) —0.6247(7) —0.1043(4) 4.13)
Cll1  —0.7211(5) —0.8600(6) —0.2759%(4) 2903
C12  —0.7856(6) —0.8636(7) -0.2008(5) 4.09)
CI13 —0.8436(7) -0.9702(9) —-0.1799(5) 5.95)
Cl4 —0.8391(7) -1.0737(8) —0.2309%(5) 5.6(4)
C15 -0.7783(6) —1.0705(7) —0.3062(5) 4.8(4)
Cl6  —0.7205(6) -~ 0.9650(7) —0.3288(4) 3.73)
C17  —~0.7492(6) —0.6634(6) ~0.4038(4) 2.9(3)
C18 —0.8615(6) —0.7208(7) —0.4370(4) 3.903)
C19 —0.9358(7) -0.6731(8) —-0.5128(5) 5.3(4)
C20 -0.9036(7) —0.5685(9) —0.5536(4) 5.7(4)
21 —0.7967(7) —0.508%(9) —0.519%(4) 5.6(5)
C22  —0.7186(6) ~0.5580(7) —0.446%(4) 4.1(4)
C23  —0.1684(6) —0.4514(6) —0.3112(4) 3.3(3)
C24  —0.2735(6) —0.3770(6) ~0.3026(4) 3.33)
C25  —0.2615(6) ~0.3310(6) —0.2125(4) 3.2(3)
C26 —0.1475(7) —0.3817(7) —0.1650(5)  4.44
C27  —0.0914(6) —0.4560(7) —0.2276(5) 3.93)
C28 —0.1381(7) ~0.5035(8) —0.398%(5)  5.6(5)
C29  —0.3703(7) —0.335%7) -0.3781(5) 4.5(4)
C30 —0.3397(8) —0.230%7) —0.1790(5) 5.5(4)
C31  —0.0921(9) —0.3426(8) —0.0714¢5) 7.3(5)
C32 0.0382(6) —0.5120(9) —0.2083(6) 7.4(5)
Hl  —0.453(4) —0.574(5) —0.293(3) 4.1(13)
H2  —0.506(4) ~0.725(5) —0.127(3) 4.1(11)
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tallization was located on the difference Fourier map; TABLE 3 (continued)
the carbon and chlorine atoms were then included in
the analysis and refined accordingly. The combined

x y z Biso
C35 0.03824(17) 0.1323(9) 0.0883(4) 5.95)

C36 0.01905(16) 0.0330(11) 0.1176(3) 6.6(5)
C37 0.02073(17)  —0.0819%(12) 0.0838(4) 8.5(6)

TABLE 3. Atomic coordinates and equivalent isotropic displacement C38 0.03835(17)  —0.0688(10) 0.04023)  6.5(5)
coefficients for 8 C39 0.0501‘(1(;5) o.ogg‘sf)) 0.0398%3; 4.4§4))
C40 0.0391(3 0.2684(12 0.0985(6)  16.1(10
x y z Biw C41  ~-0.00280(21) 0.0512(19) 0.1618(4)  17.4(13)
Rul 0.127167(12)  0.04337(6) 0.182141(24) 2.244(23) C42 0.00060(24)  —0.2037(14) 0.0909(5)  12.29)
Ru2 0.104508(12) —0.19708(6) 0.215971(24)  2.436(25) C43 0.04464(24)  —0.1782(13)  —0.0058(5)  11.0(8)
Ru3  0.133568(12) —0.05405(6) 0.313322(23)  2.69%(3) C44 0.06894(20) 0.0974(13)  —-0.0093(4)  9.7(®)
Rud  0.182483(12) —0.01673(6) 0.246046(23)  2.232(24) C45 0.4397(3) —0.0640(15) 0.1548(8) 21.4(14)
Mol 0.157945(12) —0.19053(6) 0.143955(24)  2.085(25) ci 0.47519018)  —0.0308(9) 0.1778(4)  40.5(11)
Mo2 0.066946(13) —0.03662(8) 0.13343(3) 3.29(3) (0i/] 0.4399(3) 0.0021(8) 0.0894(4)  56.4(15)
P1  0.15510(4)  —0.22254(19)  0.25071(8)  2.36(8)
P2 0.17303(4) 0.0265%(18)  0.14520(7)  2.3X®)
Ol  0.12348(12) 0.2881(5) 0.2596%(23)  5.1(3) .
02  0.11142(12) 0.2384(6) 0.0835(3) 6.5(3) TABLE 4. Selected bond distances (A) and bond angles (°) for 5
03 0006849  —0.1411(5) 0.07886(18)  2.91(22) (esd’s in parentheses)
04  008933(12)  —0.4815(5) 0.19665(25)  5.8(3)
05  0.06688(10)  —0.1881(6) 032475(21)  5.83) ﬁg'gﬁg; igﬂg; g"(" Ru 2920(1)
- ) w(1)-Ru(2) 2.795(1)
06  003618(11)  —025957) 019860 744 Ru(1)-Ru(3) 2947(1) Ru@)-Ru()  2.840(1)
07  0.09399(12)  0.1442(6) 0.3712023)  6.3(3) Ru(2)-P 23572) Ru(3)_P 2.329(2)
08  0.12962(12) —0.2180(6) 0.4263221)  5.803) Mo—C(8) 23670 Ru(2)-C8) 2.026(7)
09  0.18682(12) 0.0552(7) 03852722) 7.1 Mo—C(9) 2045(6) Ru(3)-0(9) 2358(7)
010 024514(10) —0.1095(6) 0.2642925)  5.5(3) Mo_C(10) 19496) Ru(D-0(1) 1.908(6)
011 020111(12)  0.2665(5) 0.2678%24)  5.4(3) Ru(1)-C(2) 191%(7) Ru(1)-C(3) 1.915(7)
Ol12 005721(11) 0.1282(6) 0.2500924)  6.2(3) ) )
e 0.12491(15) 0.1912(7) 0.233203) 3.5(3) Ru(2)-C(4) 1.901(7) Ru(2)-C(5) 1.878(6)
C2  0.11462(15) 0.1538(7) 0.1173(3) 3.7(4) ﬁl:)(ﬁl(%ﬁ ;?igs(? gﬁg—g(?) igizg)
C3  0.11716(14)  —0.1485(D 0.1213(3) 2.5(3) Ru(3)-H(1) 1'86(4) Ru(1)-H(2) 1‘58(4)
C4 00953815  —0.3758(8) 020273)  3.8(4) RuG)-H(2) 1.89(5) '
C5  0.08401(14)  —0.1804(8) 0.2889(3) 3.6(4) )
C6  0.05367(15)  —0.188%(8) 0.17973)  4.5(4) ;";’(lﬁ‘_‘ﬂj_g(‘}?,) 12;38; ﬁg_ﬁﬁﬁg_g‘(ﬁ; }$§8
C7 01085313 007028)  0.3477C)  37(4) Mo-Ru(3)-C(6) 10372) Mo-C8YO®  130.6(5)
C8  0.3113(15)  —0.1550(8) 038353)  3.7(4) Ru(2)-C8)O(8) 146.4(6) Mo-COOO)  151.7(5)
9 01712516)  0.0190(8) 0.34353)  4.5(3) - ' o .
G0 022085014  —0.0760(7 0257803 320) ﬁ“(”}f(”é"o? - 125.2((5; Mo-C(10)0(10)  166.7(6)
Cll 01945215  0.1607(D 025983)  33() can Ru-CO(terminal) 176.6(6
C12  0.06314(15) 0.0661(8) 0.2093(3) 3.9(4)
Cl3  0.16831(14) —0.3574(7) 0.3006(3) 2.73)
Cl4  0.14862(15)  —0.4440(8) 0.3234(3) 3.9(4) . 2 .
C15  015809(17)  —0.5407(®) 0.3644(3) 51(4) '(I;.:?:di 15)a rit;lf:;:gs)bond distances (A) and bond angles (°) for 8
Cl6 0.1870%17) —0.5515(8) 0.3822(3) 4.3(4)
Cl7  0.20665(16)  —0.4683(8) 0.3608(3) 4.5(4) Ru(1)-Ru(2) 2.776(1) Ru(1)-Ru@3) 3.0371)
C18  0.1977715)  —0.3724(7) 0.3184(3) 3.9(4) Ru(1)-Ru(4) 2.856(1) Ru(1)-Mo(1) 2.912(1)
C19  0.19223(14) 0.1428(7) 0.0993(3) 2.6(3) Ru(1)-Mo(2) 2.978(1) Ru(2)-Ru(3) 2.835(1)
C20  0.21908(14) 0.1958(7) 0.1197(3) 3.1(3) Ru(2)-Mo(1) 2979Q1) Ru(2)-Mo(2) 2.904(1)
C21  0.23286(15) 0.2875(8) 0.0855(3) 43(4) Ru(3)-Ru(4) 2.770(1) Ru(4)-Mo(1) 3.008(1)
C22  0.21980(18) 0.3294(8) 0.0318(3) 4.9(4) Ru(1)-P(2) 22872 Ru(2)-P(1) 2.382(2)
C23  0.19288(18) 0.2788(9) 0.0106(3) 5.14) Ru(3)-P(1) 2441Q2) Ru(@)-P(1) 2.442(2)
C24  0.1789%(15) 0.1850(7) 0.0440(3) 3.7(4) Ru(4)-P(2) ©2266(0) Mo(D-P(1) 2.374(2)
C25  0.14994(15)  —0.3623(7) 0.0743(3) 3.003) Mo(1)-P(2) 2.3142) Mo(1)-03) 1.930(6)
C26  0.17150(16)  —0.4060(7) 0.12043) 3.403) Ru(1)-C(3) 2393(6) Ru(2)-C(3) 2.244(6)
27 019682114  —0.3273(D 0.1171(3) 3.2(3) Mo(2)-C(3) 2.575(6) Mo(2)-0(3) 2.148(4)
C28  019141(14)  —0.2351(D 0.0690(3) 3203 C(3)-0(3) 1.267(7) Mo(2)-C(6) 1.969(8)
C29 01622415  —0.2563(D 0.0432(3) 3.13) Ru(2)-0(6) 2.38%(7) Ru(3)-C(5) 1.938(7)
C30  0.12191(17)  —0.430%8) 0.0555(3) 5.0(4) Ru(4)-0(9) 2.257(7) Mo(2)-C(12) 1.982(7)
C31  0.16805(20) —0.5245(8) 0.1573(3) 5.5(5) Mo(1)-C(3)-0(3)  147.1(5) Mo(2-0(3)-C(3)  94.3(4)
C32  022558(17)  —0.348%(9) 0.1514(3) 5.3(5) Ru(1)-C(3)-Ru(2)  73.5(2)  Mo(2)-C(6)-0(6) 155.1(6)
C33  021453(17)  —0.1486(8) 0.0439(4) 5.3(5) Ru(3)-C(9)-0(9)  148.7(6) Ru(@-C(9)-0(9) 128.7(5)

C34  0.14785(17)  —0.1867(8) —0.0113(3) 4.4(4) Mo(2)-C(12)-0(12)  171.0(6) Ru(2)-C(5)-0(5)  163.7(6)
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data collection and refinement parameters are given in
Table 1. Atomic positional parameters for § and 8 are
presented in Tables 2 and 3, whereas data of selected
bond angles and lengths are given in Tables 4 and 5,
respectively. Tables of bond distances and angles, posi-
tional parameters of hydrogen atoms and anisotropic
thermal parameters of nonhydrogen atoms and listings
of the observed and calculated structural factors are
available from YC.

3. Results and discussion

Treatment of triruthenium phosphido complex
Ru;(CO),o(p-HX u-PPh,) with excess Cp*Mo(CO),H
in refluxing toluene (20 min) produced the tetranu-
clear, black phosphido cluster Cp*MoRu;(CO),o(u-
H),(u-PPh,) in small amount (5, 4.7%), phosphinidene
complex Cp*MoRu,(CO),o(u3-HXu5-PPh) (6, 13%)
and trinuclear, orange phosphinidene cluster
Cp*MoRu,(CO)¢(u-HXu5-PPh) (7, 43%), in addition
to two homometallic phosphinidene complexes Ru,-

(CO),;(15-PPh) and Ruy(CO),s(1,-PPh). The latter
homometailic phosphinidenes are evidently produced
by self-condensation of the precursor Ru3(CO),o(u-
HXu-PPh,); the tetraruthenium complex Ru,(CO),;-
(u4-PPh) was first prepared by Carty and coworkers via
the thermal pyrolysis of Ru3(CO)o(u-HXu-PPh,) in
heptane solution [11], whereas the pentanuclear com-
plex Ru (CO),(1,-PPh) was obtained from the reac-
tions of Ru,(CO),, with CpMn(CO),(PCl,Ph) in small
quantity [12] and the reaction with an equimolar
amount of PPhH, in toluene [13].

3.1. Characterization of 5

This complex shows a molecular ion in its FAB mass
spectrum and fragmentation ions corresponding to suc-
cessive loss of CO ligands. The solution IR spectrum
exhibits seven terminal CO stretciiirg absorptions and
two additional weak absorptions at 1865 and
1805 cm™!, indicating the presence of bridging CO
ligands. The 'H NMR spectrum shows two hydride
signals at § —13.65 (d, Jp_y = 19.6 Hz) and —19.52

Fig. 1. Molecular structure of 5 and the atomic numbering scheme.
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(d, Jp_y = 11.2 Hz) and several multiplets in the range
& 7.91-6.96, indicating the presence of two phenyl
groups. The chemical shift value of signal at 6 —19.52
is normal for an edge-bridging hydride and the down-
field chemical shift for the hydride at § — 13.65 implies
that it belongs to a rare, triply bridging hydride [14]. As
these spectroscopic data do not uniquely define its
molecular structure, a single-crystal X-ray analysis was
carried out.

The molecular diagram is shown in Fig. 1, and
selected bond parameters are presented in Table 3.
The metal framework may be described as a distorted
MoRu, tetrahedron, with metal-metal bond distances
being in the range 2.795(1)-2.981(1) A. The Ru(2)-
Ru(3) edge (2.840(1) A), which is bridged by the phos-
phido ligand, is intermediate between the other two
Ru-Ru bonds, Ru(1)-Ru(3)=2.947(1) and Ru(1)-
Ru(2) = 2.795(1) A. The Ru(2)-P and Ru(3)-P dis-
tances of 2.357(2) and 2.329(2) A, respectively, are in
the range observed for previously reported ruthenium
clusters containing phosphido ligands [15]. For exam-
ple, in Ru,(p,-C,Xp-PPh,),(CO)y,, the correspond-
ing value are 2.344(2) and 2.357(2) A, respectively
[15(b)]. In addition, there are eight terminal and two
bridging CO ligands in the molecule. The bridging CO
ligands lie on an extension of the metal triangle de-
fined by the atoms Mo, Ru(2) and Ru(3). The three Ru
atoms are each coordinated by three, two and two
terminal CO ligands, respectively; the Mo atom is
bonded to a Cp* ligand and carries only one terminal
CO ligand.

The most striking aspect of the structure of § is the
position of hydride ligands. Both hydride ligands have
been unambiguously located in a difference Fourier
synthesis; one occupies the Ru(1)-Ru(3) edge with
Ru(1)-H(2) = 1.58(4) and Ru(3)-H(2) = 1.89(5) A, and
the second caps the MoRu, triangle, which is sur-
rounded by two edge bridging CO and phosphido lig-
ands, with the respective bond distances being Mo—-
H(1) = 2.1§(5), Ru(2)-H(1) = 1.75(6) and Ru(3)-H(1)
= 1.86(4) A. The elongation of the Mo-H(1) bond may
be ascribed to unfavourable steric interaction of the

et s
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245 240 235

Cp* ligand with the Mo atom. The influence exerted
on the Ru(1)-Ru(3) bond by the edge-bridging hydride
H(2) is noticeable; it is considerably elongated
(2.947(1) A) relative to the Ru(1)-Ru(2) bond
(2.795(1) A) that possesses no bridging hydride. The
coordination behaviour of the face-bridging hydride is
comparable to that of the tetranuclear cluster com-
plexes Fe;Pt(CO),o(u5-HX u;-COMeXPPh,) [16] and
Co,;Fe(CO)y(u5-HIP(OMe),], [17]. A few face-bridg-
ing hydrides have also been observed for trinuclear
cluster and higher nuclearity clusters.

The fluxionality of the bridging hydrides has been
revealed by °C NMR study. In contrast to the crystal
structure which possesses no apparent symmetry, the
BC NMR spectrum recorded at room temperature
shows only six CO signals at § 242.5 (Jp_c =39 Hz),
237.2, 199.2, 195.5, 1929 and 1924 in the ratio
2:1:2:1:2:2 (Fig. 2). The doublet at § 242.5 is due to
the unique bridging CO ligands, because of its down-
field chemical shift and large 2Jl,_C coupling with the
phosphorus atom which is located at the trans position.
The signals at & 237.2 and 195.5 are assigned to the
Mo-CO and the axial CO on atom Ru(1), respectively.
On the basis of these spectral assignments, we deduce
that the edge-bridging hydride ligand undergoes rapid
migration between the Ru(1)-Ru(3) and Ru(1)-Ru(2)
bonds, which generates a time-averaged mirror plane
and simplifies the pattern of CO resonances but fails to
average the local environment of hydrides in the 'H
NMR spectrum at the same temperature. However,
irradiation of either hydride signal under the condi-
tions of a NMR spin-saturation transfer experiment
suppressed the second hydride signal, suggesting that
exchange between edge and triply bridging hydride is
feasible at this temperature, but the energy barrier is
slightly greater than that for the migration of the
edge-bridging hydride ligand. A similar hydride migra-
tion between the adjacent Ru—-Ru bonds was estab-
lished for the heterometallic cluster CpWRu,(CO),,-
(u-H),(AuPPh,) [18], for which exchange between
edge- and face-bridging was not detected at tempera-
ture below 240 K.

Fig. 2. ®C-(*H} NMR spectrum (100.6 MHz) of § recorded at 294 K, showing the region of CO resonances.
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3.2. Characterization of 6 and 7

Complexes 6 and 7 were characterized by spectral
methods. The *C NMR spectrum of 6 shows two
bridging CO resonances at & 261.7 and 245.0 (Jp_c =
30 Hz), a Mo—-CO resonance at § 222.5 (J,_ = 14 Hz)
and five Ru~CO resonances in the range & 198.5-191.9
in the ratio 1:3:1:1:1. The '"H NMR spectrum which
reveals a signal at & —19.14 for the hydride, and Sp
NMR spectrum which exhibits a phosphinidene signal
at 6 410.7, which is near the value found for p,-phos-
phinidene ligands in Ru, clusters [19], supplement the
information obtained from the *C NMR spectrum. In
addition, the »(CO) pattern in solution IR spectrum,
featuring seven terminal CO bands in the range 2063—
1893 cm~! and two bridging CO stretching bands at
1870 and 1796 cm ™!, is fully comparable with that of a
structurally characterized WRu, analogue 2. These
experimental data provide unambiguous proof of the
proposed structure.

Likewise, the "H and *'P NMR spectra of 7 exhibit
a hydride signal at § —19.04 (J,_; =143 Hz) and a

phosphinidene resonance at § 299.9, respectively; no
observation of a second set of hydride and phos-
phinidene signals was made even at 200 K, suggesting
that this molecule contains only one isomer in solution.
The *C NMR spectrum recorded at 213 K, showing
four CO signals at § 239.9, 197.3 (J,_c = 43 Hz), 192.3
(Jp_c=7Hz) and 192.1 (J,_. =4 Hz) in an intensity
ratio 2:2:2:2, implies that the hydride is located on
the unique Ru-Ru edge in solution. As verified by this
low-temperature BC NMR work, complex 7 in solution
is isostructural with the phosphinidene cluster 1a and
the imido clusters LWRu,(CO)g(p-HXu5-NPh). In
contrast, a solution of the Cp*WRu, analogue 1b
contains two interconvertible isomers, which are re-
lated by rapid hydride migration between W-Ru and
Ru-Ru edges.

3.3. Characterization of 8

Thermolysis of 7 in refluxing toluene solution in-
duced elimination of H, and caused dimerization to
afford hexanuclear 8 in 49% yield. The *C NMR

Fig. 3. Molecular structure of 8 and the atomic numbering scheme.
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spectrum recorded at 218 K shows an 7*-CO signal at
8 271.5 (Jp_y =85 Hz), the bridging Mo(u-CO)Ru
signal at & 256.0 (Jp_j; =8 Hz), the bridging Ru(u-
CO)Ru signal at § 235.2 (Jp_y = 8 Hz), the terminal
Mo-CO signal at § 231.0 and eight terminal Ru-CO
resonances in the range 217.9-184.3. The low tempera-
ture *C NMR data of the W,Ru, analogue 4 reported
earlier assists the assignment.

The crystal structure of 8 was also determined by
single-crystal X-ray diffraction. A molecular drawing
appears in Fig. 3 while the essential bond distances
and angles are summarized in Table 5. Compound 8
possesses a hexanuclear core of two molybdenum and
four ruthenium atoms coordinated by 12 CO ligands
and two phosphinidene ligands. The core skeleton and
ligand arrangement is virtually the same as that of the
related W,Ru, cluster 4, comprising an edge-bridged
square pyramidal MoRu, central core, a tentacle Mo
metal unit, two phosphinidene ligands, and a u ,-n*-CO
ligand encapsulated in the cavity of the Mo,Ru, but-
terfly. In this molecule all metal-metal bonds are
normal with Ru-Ru distances in the range 2.770(1)-
3.037(1) A and Mo-Ru distances in the narrow range
2.904(1)-3.006(1) A; one 1 5-phosphinidene ligand oc-
cupies a MoRu, metal triangle and a second u,-phos-
phinidene takes the MoRu, square face. If we consider
that the u -phosphinidene ligands are part of the clus-
ter core, the molecule appears to adopt a MoRu, P
octahedral core bridged by a p;-phosphinidene and a
Cp*Mo(CO), fragment. A few cluster complexes con-
taining both u,- and u,-phosphinidene ligands [20] or
clusters with the unique u,n%-CO ligand [21] have
been documented.

4. Summary

Reactions performed in this work are summarized
in Scheme 2. Condensation of Ru,(CO),,(p-HXu-
PPh,) and Cp*Mo(CO);H proved to be a convenient
method to generate the MoRu, phosphido cluster 5.
Its formation is best interpreted as a cluster condensa-
tion, in which the reaction proceeded via formation of
unsaturated Ru;(CO)¢(u-HXp-PPh,), followed by ad-
dition of one molecule of Cp*Mo(CO);H. Thermolysis
of 5§ in toluene produced the phosphinidene cluster 6
in moderate yield via elimination of a benzene
molecule. Isolation of 5 provides unambiguous evi-
dence that, for the MoRu; phosphinidene cluster 6,
the formation of tetrahedral cluster core occurred prior
to the generation of phosphinidene ligand by elimina-
tion of benzene. In contrast, Mays and coworkers re-
ported that the tetrahedral phosphinidene cluster com-
plexes can be prepared by condensation of anionic
phosphinidene cluster [Ru,(CO)¢(u-HX u 5-PPh)]~ with
a cationic, mononuclear metal fragment [22].

Furthermore, complex 6 reacted with CO to afford
the trinuclear phosphinidene cluster 7 through cluster
fragmentation. In contrast to the WRu, counterpart,-it
exists in solution as only one isomer, in which the
hydride ligand is associated with the unique Ru-Ru
edge [3]. The variation of isomer proportion indicates
that molybdenum donates fewer electrons than tung-
sten, thus disfavouring the move of the hydride from
the Ru-Ru to the Mo-Ru edge. Similar behaviour has
also been noted upon replacing the Cp* ligand with
the less markedly electron-donating Cp ligand in the
WRu, system [3]. When complex 7 was heated in

(0C)Cp* (OC)Cp*
Ph_ Ph
N7 Mo—GC Mo=——¢CO
\ 0 SEVA RN A\ 0/07 ?i\\
—_ _|n
(CO), RU\ //TU(CO)a — (OC)3F|U/"—\‘ %—pm((;o)2 <___‘—> (OC)a Ru‘\- '/>RU(CO)2
Ru——H SN\~ N\
(CO)a H——Ru——pPh, Ru——PPh,
(CO)2 {CO)
® + (ii)
O R/t
c—=Ru
Ph Ph .
\P\‘/‘/ _EF;U’\CO \ Op— o P
A A SN (i c ,/P\ (i) 7 |\
Ru £ Ryie-MoCp* P [/ N
/ \\Mol_/ INEA ~— (OC), Mo\ /Fliu(CO)a i A A ey
Cp-.-l ~—~—Cc-=-0 J \\ /
P &8 oC—RU
Ph (CO).
(8) @ (6)

Scheme 2.
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refluxing toluene, the hexanuclear cluster 8 was ob-
tained. Interestingly, complex 8 remains the only
Mo,Ru, cluster observed in solution upon extending
the reaction. This fruitless attempt indicates that the
Mo,Ru, analogue of hexanuclear W,Ru, cluster 3 is
probably absent. The factors controlling the geometry
of the cluster skeleton remains a goal of further re-
search.
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