
J 

E L S E V I E R  Journal of Organometallic Chemistry 513 (1996) 201-211 

_Journal otOlgano. 
metalnc 

Chemistry 

Ruthenium clusters with nitrogen ligands V 1. Pyridyl ligands on 
triruthenium cores. X-ray structures of Ru3(/x-H) 2(/x-NC5 H 4) 2 (CO) 8 and 

Ru3(/x3-r/2-PPhCH2PPh2 ) (/z-NC5H4)(CO)s 

Marie P. Cifuentes a, Mark G. Humphrey b,., Brian W. Skelton c, Allan H. White c 
a Department of Chemistry, University of New England, Armidale. N.S.W. 2351, Australia 

b Department of Chemistry, Australian National University, Canberra, A.C.T, 0200, Australia 
c Department of Chemistry, University of Western Australia, Nedlands, W.A. 6907, Australia 

Received 14 August 1995 

Abstract 

The reaction between Ru3(CO)12 and pyridine affords a mixture of Ru3(/X-H)(/X-NC5H4)(CO)Io (1) and Ru3(/x-H)2(/X- 
NCsHa)2(CO) 8 (2). Cluster 2 is the first crystallographically-verified triruthenium cluster with two orthometalated N-heterocycles; these 
ligands occupy edge-bridging diaxial sites on two of the three Ru-Ru bonds, one on each side of the triruthenium plane, with the hydrido 
ligands bridging the same Ru-Ru bonds as the pyridyls. Reaction of 1 with dppm gives Ru3(/X3--02-pPhCH2PPh2)(/X-NCsH4)(CO) s (3) 
in low yield amongst a mixture of products. The structural study confirms that 3 results from dephenylation of the dppm ligand; 
concomitant loss of the hydrido ligand suggests reductive elimination of benzene. Formal electron counting on this electron precise cluster 
shows that Ru(l) and Ru(3) are each 0.5e deficient, and Ru(2) is le rich; two "semibridging" carbonyls in the triruthenium plane 
redistribute electron density from Ru(2) to Ru(l) and Ru(3). Reaction of Ru3(/x-dppm)(CO) m with pyridine also affords 3 in low yield. 
Related reactions with the more flexible bidentate ligand dppe afford more complex mixtures of products. Whereas thermolysis of 1 
affords [Ru2(/x-H)(/X-NCsH 4)2(CO)4(NC5H 5)2 ][Ru m(/x-H)(/z6-CXCO)24], thermolyses of 2 or 3 do not lead to tractable products. 

Keywords: Ruthenium; Clusters; Pyridyls; Carbonyls; Crystal structure 

1. In troduct ion  

The reactions of ruthenium clusters with nitrogen 
ligands are of current interest [2]. A suitable choice of 
nitrogen-donor molecule with a ruthenium cluster can 
conceivably model the heterogeneously-catalyzed hy- 
drodenitrogenation of liquid fuels. Pyridine and its 
higher homologues are believed to be the most persis- 
tent N-containing impurities in liquid fuels [3]; pyridine 
in a variety of coordination modes is therefore of inter- 
est in these modelling studies. We have previously 
reported the reaction of Ru3(CO)12 with pyridine [4], 
which affords clusters containing edge-bridging pyridyl 
ligands, although we had no structural data at the time 
of that report. Subsequently, we investigated the reac- 
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tion of Ru3(CO)I2 with piperidine [5], a likely reduction 
intermediate of pyridine. These studies showed substan- 
tial C - N  weakening on increasing the number of metals 
interacting with the N-heterocycle residue from two to 
three. Our attempts to vary the coordination of the 
pyridyl moiety have involved reaction of mixed-metal 
clusters with pyridine [6], which have afforded exam- 
ples of  o-bound pyridine, and thermolysis of Ru3( t x- 
H)(/x-NCsH4)(CO)~0 [7], which gave a high nuclearity 
cluster anion as its [Ru2(/x-H)( p,-NCsH4)2(CO)4(NCs- 
H5)2] + salt; the cation contains two bridging pyridyls 
and two o--bound pyridines. The synthesis of the high 
nuclearity cluster anion [Rut0(~-H)(/zr-C)(CO)24]-  
must involve cluster fragmentation and reaggregation; 
we reasoned that it should be possible to disfavour the 
change in cluster nuclearity by employing an edge- 
bridging or face-capping ligand to maintain cluster core 
integrity. With this in mind, we have investigated the 
use of  the bidentate ligand bis(diphenylphosphino)- 
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methane (dppm); we report herein the results of our 
studies involving the reactions between Ru3(/J.-H)(/z- 
NCsH4)(CO)Io and dppm, and between the stabilized 
cluster Ru3(/x-dppm)(CO)lo and pyridine. Included in 
this contribution is an X-ray study of our previously-re- 
ported edge-bridged bis(pyridyl) cluster Ru3(/x-H)z(/x- 
NCsH4)2(CO) 8 [4], which has recently become avail- 
able. 

2. Results 

2.1. X-ray structural study of 2 

We have previously reported the reaction between 
Ru3(CO)I2 and pyridine in refluxing cyclohexane, which 
affords Ro3(/x-H)(/x-NCsH4)(CO)I0 (1) (96%) to- 
gether with a small amount of Ru3(/x-H)2(/x- 
NCsH4)2(CO) 8 (2) (<  1%) [4]. Laine and coworkers [8] 
isolated 2, but not 1, when carrying out this reaction in 
the higher boiling heptane. We have now obtained 
suitable crystals of 2 for an X-ray structural study, 
although crystals of 1 have remained elusive. An ORTEP 
plot of 2 is shown in Fig. 1, a summary of crystal and 
refinement data is found in Table 1, fractional coordi- 
nates are listed in Table 2, and selected bond lengths 
and angles are displayed in Table 3. 

The three metal atoms form an isosceles triangle 
[Ru(l)-Ru(2) 2.9214(8), Ru(1)-Ru(3) 2.917(2), Ru(2)- 
Ru(3) 2.832(1) A], with the longer Ru-Ru bonds bridged 
by hydrido and pyridyl ligands. Ru-CO [1.859(5)- 
1.924(5) A, av. 1.90 ,~] and RuC-O distances 
[1.125(6)-1.139(6) ,~, av. 1.13 ,~] are unexceptional. Of 
particular interest to hydrodenitrogenation modelling are 
distances within the pyridyl ligand, and any variations 
from non-ligated pyridine geometries; distances within 
the axially coordinated pyridyl ligands are "normal" 
(i.e. they are within the expected range of values for 
N-heterocycles, and there is no significant bond length 
alternation concomitant with coordination), although 
these ligands are disordered about the ligating C and N 
atoms. The hydrido atoms were located, with the Ru2H 
dihedral angles at 51(2) ° and 50(3) ° to the plane of the 
triruthenium triangle. We have mentioned previously 
that crystallographically located hydrido ligands are rare 
in structures of this type; in the related piperidyl cluster 
Ru3(/x-H)(/x-NCsHs)(CO)I0 [5], the hydride was un- 
symmetrically displaced towards the N-coordinated 
ruthenium [Ru-H 1.68(4), 1.94(4) ~,]; in 2 H(12)- 
Ru(1,2) are 1.85(4), 1.72(4) and H(13)-Ru(1,3) 1.73(4), 
1.72(4) ,~. 

Cluster 2 is the first crystallographically-verified 
triruthenium cluster with two orthometalated N-hetero- 
cycles; these ligands occupy edge-bridging diaxial sites 
on two of the three Ru-Ru bonds, one on each side of 
the triruthenium plane, with the overall molecular sym- 

( o ) OC (2~ (~0(321 

(0C(32)~~ 

H (t31 

(b) 

~9 ~C(23) 
/ t  

Fig. 1. Molecular structure and atomic labelling scheme for Ru3(/,6- 
H)2(/x-NCsH4)2(CO) s (2). 20% thermal ellipsoids are shown for the 
non-hydrogen atoms; hydrogen atoms have arbitrary radii of 0.1 ,~. 
Projections are shown (a) normal and (b) oblique to the Ru 3 plane. 

metry being a good approximation to 2. To ascertain the 
effect of orthometalated cluster ligation of the N-hetero- 
cycle on bonding distances, the M2NC distances for 2 
and related ruthenium and osmium complexes are listed 
in Table 4. It is immediately apparent that no unsup- 
ported (apart from the heterocycle residue) M-M link- 
age has been structurally characterized; all previously 
reported examples carry a hydrido ligand (which length- 
ens the M-M bond), making meaningful discussion of 
variation in this parameter difficult given the impossibil- 
ity of deconvoluting the individual contributions. The 
pyridyl-bridged M-M distances in 2 fall in the centre of 
the range of previously reported values. The M-N and 
M-C distances seemvery flexible, spanning large ranges 
[2.002(2)-2.143(4) A, av. 2.10 A and 2.087(4)-2.143(4) 
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Table 1 
Summary of crystallographic data for Ru3(/z-H)2(/z-NCsH4)2(CO) 8 (2) and Ru3(/z3-r/2-pPhCH2PPh2)(p.-NCsH4XCO) 8 (3) 

203 

2 3 

Formula C 18HIoN2OsRu 3 C 32 II 21NOsP2 Ru 3 
M 685.5 912.7 
Crystal system monoclinic monoclinic 
Space group P 2 J c  (No. 14) P21/c 

a (A) 15.171(3) 9.763(3) 

b (,~) 8.935(5) 35.800(13) 

c (A.) 16.302(4) 10.837(2) 
13 (°) 93.72(2) 122.32(2) 
V (,~3) 2205 3201 
Dcalc (g cm - 3 ) 2.07 1.89 
Z 4 4 
/XMo (cm 1) 18.8 15.5 
Specimen (ram 3) 0.37 × 0.65 × 0.16 0.05 X 0.15 × 0.42 
Amin,ma x 1.34, 1.90 1.08, 1.26 
20ma X (°) 50 50 
N 3870 5615 
N o 3525 3003 
R 0.029 0.046 
R w 0.037 0.042 

Table 2 
Non-hydrogen atom coordinates and equivalent isotropic displacement parameters for Ru 3( Iz-H)2( ~-NC51t4)2(CO18 (2) 

Atom x y z Ue q (~2) 

Ru(1 ) 0.24616(2) 0.52980(4) 0.23794(2) 0.0375( 1 ) 
Ru(2) 0.28269(2) 0.44344(4) 0.40963(2) 0.0422( 1 ) 
Ru(3) 0.22818(2) 0.22136(4) 0.29317(2) 0.0418( 1 ) 
C(11) 0.3050(3) 0.7092(5) 0.2227(3) 0.056(2) 
O(11) 0.3423(3) 0.8171(4) 0.2123(3) 0.100(21 
C(12) 0.1831 (3) 0.5515(5) 0.1357(3) 0.058(2) 
O(12) 0.1452(3) 0.5695(5) 0.0749(2) 0.101(21 
C(21) 0.2387(3) 0.3247(6) 0.4954(3) 0.054(2) 
O(21) 0.2119(3) 0.2540(4) 0.5458(2) 0.082(2) 
C(22) 0.3255(3) 0.6071(6) 0.4778(3) 0.058(2) 
0(22) 0.3501(3) 0.7026(5) 0.5186(3) 0.093(2) 
C(23) 0.3927(3) 0.3363(6) 0.4102(3) 0.063(2) 
0(23) 0.4585(2) 0.2751(5) 0.4101 (3) 0.096(2) 
C(31 ) 0.1829(3) 0.0858(5) 0.2090(3) 0.059(2) 
0(31 ) 0.1539(3) 0.0003(5) 0.1643(2) 0.091(2) 
0(32) 0.3103(3) - 0.0222(5) 0.4031(3) 0.110(2) 
C(32) 0.2806(3) 0.0687(6) 0.3618(3) 0.064(2) 
C(33) 0.1232(3) 0.2251(6) 0.3516(3) 0.063(2) 
0(33) 0.0592(2) 0.2267(5) 0.3834(2) 0.091(21 
N(111) * 0.1502(2) 0.6192(4) 0.3123(2) 0.043( 1 ) 
C( 111 ) * 0.1502(2) 0.6192(4) 0.3123(2) 0.043( 1 ) 
N(112) * 0.1636(21 0.5668(4) 0.3894(2) 0.049(11 
C(112) * 0.1636(2) 0.5668(4) 0.3894(2) 0.049( I ) 
C(113) 0.1062(31 0.6119(6) 0.4472(3) 0.064(2) 
C(114) 0.0381(3) 0.7060(7) 0.4288(3) 0.076(2) 
C( I 15) 0.0264(3) 0.7614(6) 0.3496(4) 0.074(2) 
C(116) 0.0828(3) 0.7151(6) 0.2921(3) (/.062(2) 
N(211) * 0.3447(2) 0.3953(4) 0.1931 (2) 0.046( 1 ) 
C(211 ) * 0.3447(2) 0.3953(4) 0.1931(2) 0.046(1) 
N(212) ~ 0.3430(2) 0.2601(4) 0.2261(21 0.044( 11 
C(212) * 0.3430(2) 0.2601(4) 0.2261(21 0.044(1) 
C(213) 0.4064(3) 0.1582(5) 0.2093(3) 0.066(2) 
C(214) 0.4718(3) 0.1939(7) 0.1579(4) 0.079(2) 
C(215) 0.4728(3) 0.3323(7) 0.1226(4) 0.076(2) 
C(216) 0.4095(3) 0.4322(6) 0.1 405(3) 0.059(2) 

* Site occupancy factor 0.5. 
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Table 3 
Selected bond lengths (,~) and angles (°) for Ru3( #-H)2(/X-NCsH4)2(CO) 8 (2). X is the C/N composite. In this and Table 4 the entries for the 
two halves of the molecules related by the putative two-fold axis are laid out in parallel 

Ru(1)-Ru(2) 2.9214(8) 
Ru(1)-Ru(3) 2.917(2) 
Ru(2)-Ru(3) 2.832( 1 ) 
C-O 1.125(6)- 1.139(6) 
Ru(1)-C(11) 1.859(5) Ru(1)-C(12) 1.877(5) 
Ru(1)-X(111) 2.111(4) Ru(1)-X(211) 2.087(6) 
Ru(2)-C(21) 1.910(5) Ru(3)-C(32) 1.905(5) 
Ru(2)-C(22) 1.923(5) Ru(3)-C(31) 1.923(5) 
Ru(2)-C(23) 1.924(5) Ru(3)-C(33) 1.908(5) 
Ru(2)-X(112) 2.124(4) Ru( 3)-X(212) 2.143(4) 
X(111)-X(112) 1.344(5) X(211)-X(212) 1.323(5) 
X(111 )-C(116) 1.358(6) X(211 )-C(216) 1.386(9) 
X(112)-C(113) 1.384(6) X(212)-C(213) 1.366(6) 
C(113)-C(114) 1.350(7) C(213)-C(214) 1.376(8) 
C(114)-C(I 15) 1.383(8) C(214)-C(215) 1.364(9) 
C(115)-C(116) 1.375(7) C(215)-C(216) 1.357(7) 
Ru(2)-Ru(1)-Ru(3) 58.04(1) X(111)-Ru(I)-X(211) 162.8(1) 
Ru( 1 )-Ru(2)-Ru(3) 60.91 (3) Ru( 1)-Ru(3 )-Ru(2) 61.05(3) 
Ru(3)-Ru(1)-X(211) 69.4(2) Ru(2)-Ru(1)-X(I 11) 69.19(9) 
Ru( 1 )-Ru(2)-X(112) 66.9( 1 ) Ru( 1 )-Ru(3)-X(212) 66.1 (2) 
R-C-O 174.9(5)- 179.4(4) 
Ru(I)-X(111)-X(112) 109.7(3) Ru(I)-X(211)-X(212) 110.4(2) 
X(112)-X(111)-C(116) 120.8(4) X(212)-X(211)-C(216) 120.2(4) 
Ru(1)-X(111)-C(116) 129.5(3) Ru(1)-X(211)-C(216) 129.2(3) 
Ru(2)-X(112)-C(113) 127.7(3) Ru(3)-X(212)-C(213) 127.0(3) 
X(111)-X(I 12)-C(113) 118.1(4) X(211)-X(212)-C(213) 119.6(4) 
Ru(2)-X(112)-X(i 11) 113.7(3) Ru(3)-X(212)-X(211) 113.2(3) 
X(112)-C(113)-C(114) 122.4(4) X(212)-C(213)-C(214) 120.8(5) 
C(113)-C(114)-C(115) 118.7(5) C(213)-C(214)-C(215) 119.7(5) 
C(114)-C(115)-C(116) 118.7(5) C(214)-C(215)-C(216) 118.6(5) 
C(115)-C(116)-X(111) 121.1(5) C(215)-C(216)-X(211) 121.1(5) 

,~, av. 2.12 A], with a large number of examples having 
symmetrically disposed C, N-coordinated heterocycle 
residues which are possibly disordered about the C(2) 
and N atoms; examples exist of residues containing 
shorter M - C  or shorter M - N  linkages. Not su~ris-  
ingly, the C - N  bond [1.312(0)-1.383 A, av. 1.34 A] in 
these complexes is substantially longer than that in 

comparable edge-bridged, non-aromatic, C - N  systems 
(av. 1.27 ,~), and comparable in length to that of 
face-capped, non-aromatic, C - N  systems (av. 1.35 ,~) 
[5]. Extending our observations with the piperidyl sys- 
tem, face-capping coordination of the pyridyl ligand 
should weaken the coordinated C - N  bond significantly, 
perhaps to that of a formal single bond. In previous 

Table 4 

Ru/Os Ru/Os 

Complex M-M M-N M-C C-N Other M-M bridge Reference 

Ru3(/x3-r/2-pPhCH2PPh2 X/x-NCsH4)(CO) 8 (3) 2.782(1) 2.12(1) 2 .10(2)  1.35(1) (/x-CO) This work 
(/x3-'q2-pPhCH 2 PPh 2 ) 

2.866(1) 2.133(1) 2.133(1) 1.312(0) (/x-H) [25] 
2.909(2) a a 1.329(35) b (/x-H) [8] 
2.911(2) 2.002(2) 2.12(2)  1.33(2) (/X-H) [26] 
2.916(1) 2.103(6) 2.106(6) 1.33(1) (/x-H) [6] 
2.917(2) 2.087(4)/ 2.143(4) 1.323(5) (/x-H) This work 
2.9214(8) 2.111(4)/ 2.124(4) 1.344(5) (/x-H) 
2.92(1) a ~ 1.367-1.383 b (/x-H) [8] 
2.926(4) 2.058(9) 2.118(12) 1.352(14) (/x-H) [27] 

Ru3(/x-H)(/x-C 13 H 8 N)(CO)Io 
Os3( #-H)(/X-C9H6 N)(CO)I0 J 
Os3(/X-H)(/X-r/3-C5 H 3 N-2-CH= NPr XCO)9 
Ru 3(/x-H)(/x-NC 5 H 4 )(CO)9(PPh 3 ) 
Ru3(/x-H)2(/x-NCsHn)2(CO) 8 (2) c 

Os3(/X-H)2(/x-C9H6N)2(CO) 8 
Os3(/X-HX/x-'q 3-C10H7 N2 XCO) 9 

a Not reported, b Reported in Ref. [25]. c Two independent pyridyl groups, both N, C disordered. 
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work,  we have shown that thermolysis o f  1 does not 
afford a face-capping pyridyl  ligand (as occurs in ther- 
molysis  o f  /x-piperidyl), but rather to a complex rear- 
rangement  leading to [Ru2( /x-H)( /x-NCsH4)2(CO) 4- 
(NCsHs)  2 ][Ru l o(/x-H)( 1.£6-C)(CO)24] [7]. It seems logi- 
cal to investigate a similar reaction on a cluster which 
would resist this rearrangement;  our initial investiga- 
tions have focussed on clusters with bidentate ligands. 

2.2. Synthesis and spectroscopic characterization o f  3 

The reaction between Ru3( /z-H)( /z -NCsH4)(CO)10 
(1) and bis(diphenylphosphino)methane (dppm) in cy- 

clohexane at 50°C was found to give a complex mixture 
of  products;  separation by thin layer chromatography 
and crystallization afforded unreacted 1, Ru3(/z-  
dppm)(CO)10, Ru3(/x-dppm)2(CO) 8, and orange crys- 
tals ident i f ied  as R u 3 ( / x 3 - ' q 2 - P P h C H 2 P P h 2 ) ( / z -  
N C s H 4 ) ( C O )  8 (3), together with copious amounts of  
material on the baseline. Product  3 is derived f rom 1 by 
dephenylat ion and orthometalation o f  the pyridine and 
elimination o f  the hydrido ligand; the fragments pre- 
sumably leave as benzene, al though this was not veri- 
fied. C o m p o u n d  3 was characterized by the usual spec- 
troscopic methods. The I H N M R  spectrum shows the 
expected resonances between 8.25 and 6.78 ppm corre- 

Table 5 
Non-hydrogen atom coordinates and equivalent isotropic displacement parameters for Ru3(/~3-r/2-pPhCH2PPh2X/z-NCsH4XCO) 8 (3) 

Atom x y z Ue q (,~2) 

Ru(l) 0.5091(1) 0.61086(2) - 0.2220(1) 0.0357(5) 
Ru(2) 0.7170(1) 0.58831(2) 0.0659(1) 0.0381(5) 
Ru(3) 0.7258(1) 0.66385(2) - 0.0274(1) 0.0368(5) 
C( 11 ) 0.469( 1 ) 0.6402(3) - 0.380( 1 ) 0.044(7) 
0(11 ) 0.442( 1 ) 0.6573(2) - 0.4783(9) 0.069(6) 
C(12) 0.312(2) 0.5847(3) - 0.341(1) 0.055(7) 
O(12) 0.190(1 ) 0.5702(3) - 0.408(1) 0.082(6) 
C(21) 0.825(2) 0.5484(3) 0.197(I) 0.062(8) 
0(21 ) 0.895( 1 ) 0.5244(2) 0.276( 1 ) 0.085(6) 
C(22) 0.522(1) 0.5590(3) - 0.063(1) 0.048(7) 
0(22) 0.427(1 ) 0.5359(2) - 0.0971(9) 0.064(5) 
C(23) 0.904( 1 ) 0.6211(3) 0.190( 1 ) 0.046(7) 
0(23) 1.027(1) 0.6303(2) 0.2851(9) 0.070(5) 
C(31 ) 0.907( 1 ) 0.6522(3) - 0.044( 1 ) 0.047(7) 
0(31 ) 1.011 (1) 0.6469(2) - 0.063( 1 ) 0.071 (6) 
C(32) 0.808( 1 ) 0.6981(3) 0.133( 1 ) 0.054(8) 
0(32) 0.856(1) 0.7200(2) 0.223(1) 0.074(6) 
C(33) 0.662(1) 0.7016(3) - 0.167(1) 0.045(7) 
0(33) 0.624(1 ) 0.7246(2) - 0.2517(9) 0.070(6) 
P(I ) 0.5700(4) 0.61312(8) 0.1671(3) 0.038(2) 
C( l 11 ) 0.678( 1 ) 0.6436(3) 0.326( 1 ) 0.040(6) 
C(112) 0.626(1) 0.6785(3) 0.338(1) 0.051(7) 
C(I13) 0.711(2) 0.6983(3) 0.469(2) 0.062(9) 
C(l 14) 0.844(2) 0.6832(4) 0.588(1 ) 0.058(8) 
C(115) 0.894(2) 0.6484(4) 0.579( 1 ) 0.062(8) 
C(116) 0.814( 1 ) 0.6291 (3) 0.449( 1 ) 0.050(7) 
C(121) 0.477( 1 ) 0.5810(3) 0.231(1) 0.038(6) 
C(122) 0.378( 1 ) 0.5945(3) 0.275(1) 0.044(7) 
C(123) 0.310(1) 0.5716(3) 0.331(1) 0.051(7) 
C(124) 0.343(I) 0.5341(4) 0.346(I ) 0.057(7) 
C(125) 0.439(2) 0.5197(3) 0.298(1) 0.063(8) 
C(126) 0.505(1) 0.5427(3) 0.241(1) 0.055(8) 
C(O) 0.400( 1 ) 0.6404(3) 0.025( 1 ) 0.047(7) 
P(2) 0.4544(3) 0.65579(7) - 0.1054(3) 0.036( 1 ) 
C(211 ) 0.328( 1 ) 0.6971(3) - O. 192( 1 ) 0.038(6) 
C(212) 0.228( I ) 0.7000(3) - 0.340( 1 ) 0.051(7) 
C(213) 0.153(2) 0.7337(4) - 0.405( 1 ) 0.068(8) 
C(214) 0.177(2) 0.7636(4) - 0.319(2) 0.07(1) 
C(215) 0.270(2) 0.7613(3) - 0.170(2) 0.071(9) 
C(216) 0.349( 1 ) 0.7282(3) - 0.106( 1 ) 0.056(7) 
N(1) 0.702( 1 ) 0.5790(2) - 0.206( 1 ) 0.038(5) 
C(2) 0.805( I ) 0.5704(3) - 0.064( 1 ) 0.044(6) 
C(3) 0.952( 1 ) 0.5535(3) - 0.022( 1 ) 0.047(7) 
C(4) 0.990( 1 ) 0.5464(3) - 0.126(2) 0.058(8) 
C(5) 0.883(2) 0.5545(3) - 0.268(1) 0.053(8) 
C(6) 0.739( 1 ) 0.5713(3) - 0.305(1) 0.049(7) 
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sponding to the pyridyl and phosphine protons, as well 
as doublet of triplet signals at 3.58 and 3.03 ppm 
[J(HP) = 15 Hz, J (HH)=  5 Hz] due to the methylene 
protons of the dppm residue. No metal-bound hydride 
signal was observed. The 13C NMR spectrum shows a 
broad signal at 206.0 ppm due to the carbonyl groups. 
Resonances at 154.5, 136.5 and 119.5 ppm can be 
assigned to carbons 6, 3 and 5 of the pyridyl moiety, 
respectively; the metal-bound carbon was not detected, 
and the signal due to C4 occurs in the phosphine carbon 
region 131.9-128.6 ppm. The 31p NMR spectrum con- 
tains two doublets at 136.5 and 15.3 ppm showing 
phosphorus-phosphorus coupling of 134 Hz. The struc- 
ture was confirmed by an X-ray crystallographic study. 
A summary of crystal and refinement data is found in 
Table 1, fractional coordinates of non-hydrogen atoms 
are given in Table 5, and selected bond distances and 
angles are listed in Table 6. An ORXEP plot showing the 
molecular geometry and atomic numbering scheme is 
shown in Fig. 2. 

2.3. X-ray structural study of 3 

The three ruthenium atoms define an isosceles trian- 
gle [Ru(1)-Ru(2) 2.782(1), Ru(1)-Ru(3) 2.784(1), 

Ru(2)-Ru(3) 2.904(2) A]; the shorter Ru-Ru linkages 
are spanned by the edge-bridging orthometalated pyridyl 
moiety, or the phosphido component of the face-cap- 
ping PPhCH2PPh 2 group respectively. The coordina- 
tion is completed by six terminally ligated carbonyl 
ligands and two edge-bridging carbonyls. Distances 
Ru-CO [1.86(1)-1.92(1) ~,, av. 1.89 A] and RuC-O 
[ 1.13(1)- 1.15(1) ~,, av. 1.14 A] involving the terminal 
carbonyl ligands are not unusual• The other two car- 
bonyl ligands are "semibridging" (see below); they 
have Ru(2)-CO distances [Ru(2)-C(22) 1.96(1), 
Ru(2)-C(23) 1.98(1) A] somewhat longer than the ter- 
minal CO distances above, and weak interactions 
[Ru(1)-C(22) 2.49(1), Ru(3)-C(23) 2.56(1) A] to the 
other metals• Angles Ru(2)-C(22)-O(22) [158(1) °] and 
Ru(2)-C(23)-O(23) [159(1) °] are consistent with this, 
being about midway between terminal (180 °) and sym- 

• • O o 

metrically bridging (around 133 for Ru-Ru 2.8 A, 
Ru-C 1.9 A) geometries. Distances and angles within 
the P-bound phenyl groups and the N-heterocycle are 
unexceptional. Other cluster bonding parameters are 
discussed below• 

The presence of the semibridging interactions is read- 
ily explicable by electron counting• Overall, 3 is an 

Table 6 
Selected bond lengths (~,) and angles (°) for Ru3(/x3-'q2-PPhCH2PPh2)(/x-NCsH4XCO) 8 (3) 

Ru(1 )-Ru(2) 2.782( 1 ) Ru( 1 )-Ru(3) 
Ru(2)-Ru(3) 2.904(2) Ru(1)-C(I 1) 
Ru(I)-C(12) 1.89(1) Ru(1)-C(22) 
Ru(1)-P(2) 2.278(4) Ru(I)-N(1) 
Ru(2)-C(21) 1.89(1) Ru(2)-C(22) 
Ru(2)-C(23) 1.98(1) Ru(2)-P(1) 
Ru(2)-C(2) 2.10(2) Ru(3)-C(23) 
Ru(3)-C(31) 1.92(2) Ru(3)-C(32) 
Ru(3)-C(33) 1.87(1) Ru(3)-P(2) 
C-O 1.13(I)-1.15(1) P(I)-C(0) 
C(0)-P(2) 1.84(2) N(1 )-C(2) 
N(1)-C(6) 1.34(2) C(2)-C(3) 
C(3)-C(4) 1.38(2) C(4)-C(5) 
C(5)-C(6) 1.38(2) 
Ru(2)-Ru(l)-Ru(3) 62.91(4) Ru(2)-Ru(1)-P(2) 
Ru(2)-Ru(1)-N(I) 70.6(3) Ru(3)-Ru(1)-P(2) 
Ru(1)-Ru(2)-Ru(3) 58.59(3) Ru(I)-Ru(2)-P(I) 
Ru(I)-Ru(2)-C(2) 69.7(3) Ru(3)-Ru(2)-P(!) 
Ru(l)-Ru(3)-Ru(2) 58.50(3) Ru(I)-Ru(3)-P(2) 
Ru(2)-Ru(3)-P(2) 76.78(7) Ru(I)-C(11)-00 11) 
Ru(1)-C(12)-0012) 176(1) Ru(2)-C(21)-0021) 
Ru(l )-C(22)-O(22) 125.7(7) Ru(2)-C(22)-0022) 
Ru(2)-C(23)-0023) 159(1) Ru(3)-C(23)-0023) 
Ru(3)-C(31)-0031) 175(1) Ru(3)-C(32)-O(32) 
Ru(3)-C(33)-0033) 180(I) Ru(2)-P(1)-C(0) 
P(1 )-C(0)-P(2) 107.7(7) Ru(I)-P(2)-Ru(3) 
Ru( 1 )-P(2)-C(0) 117.6(4) Ru(3)-P(2)-C(0) 
Ru(I)-N(1)-C(2) 107.9(9) Ru(I)-N(1)-C(6) 
C(2)-N(1)-C(6) 12 l(I ) Ru(2)-C(2)-N(1) 
Ru(2)-C(2)-C(3) 129.5(9) N(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 120(1 ) C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 118(2) N(I )-C(6)-C(5) 

2.784(1) 
1.86(1) 
2.49(1) 
2.12(1) 
1.96(1) 
2.395(4) 
2.56(1) 
1.92(1) 
2.328(4) 
1.829(9) 
1.35(1) 
1.39(2) 
1.35(2) 

80.17(7) 
53.63(8) 
98.60(7) 
87.17(8) 
52.00(8) 

178.2(9) 
178(2) 
158(1) 
122.1 (9) 
176(1) 
107.9(5) 
74.4(1) 

119.9(3) 
130.9(7) 
111.5(9) 
119(1) 
121(1) 
122(I) 
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Fig. 2. Molecular structure and atomic labelling scheme for Ru3( ix 3- 
r/2-PPhCH2PPh2X/x-NCsH4)(CO) s (3). 20% thermal ellipsoids are 
shown for the non-hydrogen atoms; hydrogen atoms have arbitrary 
radii of 0.1 A. Projections are shown (a) normal and (b) oblique to 
the Ru 3 plane. 

electron precise 48 CVE triangular cluster [3 × 8(Ru) + 
5(PPhCH2PPh 2) + 3(NCsH 4) + 8 X 2(CO)]. However, 
in the absence of "semibridging" carbonyls, the metal 
atoms individual electron counts would be Ru( 1 ) (17.5e), 
Ru(2) (19e) and Ru(3) (17.5e). The semibridging inter- 
actions thus serve to redistribute electron density from 
the electron rich Ru(2) to the comparatively electron 
poor Ru(1) and Ru(3). Curtis [9] has defined an "asym- 
metry parameter", a = (d 2 - d t ) / d  t, where d 2 is the 
long M - - • C distance and d 1 is the short M - C  distance 
in one M2(CO) fragment. For Ru(I)Ru(2)CO(22), a = 
0.21, and for Ru(3)Ru(2)CO(23), a = 0.23; both values 
lie in the middle of the range 0.1 < ot < 0.6 which 
Curtis regards as the "semibridging" regime. Cotton et 
al. [10] (A) and Curtis [9] (B) have suggested two main 

Type A relieves charge imbalance by back-donation of 
electrons from electron-rich M(2) into the 7r* orbitals 
of the "semibridging" carbonyl. Type B involves elec- 
tron donation from the CO zr orbitals to M(2) to relieve 
electron deficiency at M(2). The present examples have 
structural type A, but electronic situation B [i.e. electron 
deficiency at M(2)], and may therefore be regarded as 
anomalous. The reason that 3 does not adopt structural 
type B may be steric; in the absence of the bridging 
carbonyls, Ru(1) and Ru(3) are 6-coordinate and Ru(2) 
is 5-coordinate. "Semibridging" carbonyls are compar- 
atively unusual; a Cambridge Structural Database sur- 
vey revealed 20 examples of triruthenium cores with at 
least two bridging carbonyls. Of these, only two clusters 
contain semibridging interactions, one of which is 
marginal ({Ru 3(/x-r/2-CN)( 1-L-CO)3(CO)7}2 [ 11 ] where 
a = 0.13). In the more clearcut example, Ru3(/z3-'r/2- 
PPhNC 5 H 4)(/x-PPh 2)(/z-CO)2 (CO)s(PPh 3) [ 12], one of 
the Ru(/x-CO)Ru units has a = 0.21 and Z_ R u - C - O  
154.2(6)°; the "semibridging" carbonyl interaction is 
thus similar to that in 3. 

Assignment of C(1) and N(2) was based on thermal 
parameters and refinement, and is necessarily cautious 
(being mindful of the extensive list of disordered C, 
N-orthometalated heterocycles reported previously). 
However, given the asymmetry in electron distribution, 
the alternative assignment is much less likely, as it leads 
to an even greater polarization of electron density [re- 
sult: Ru(1) 16.5e, Ru(2) 20e, Ru(3) 17.5e]. The assign- 
ment of C(1) and N(2) herein is the more plausible on 
both crystallographic and chemical grounds. 

The Ru3(PPhCH2PPhR) core distances for 3, and for 
previously reported examples of triruthenium complexes 
containing the (/x3-r/Z-PPhCH2PPhR) group, are col- 
lected in Table 7. Ru(l)-Ru(3) is much shorter in 3 
than in the other examples. As Ru(1)-P(2) and 
E[Ru(3)-P(2) + Ru(1)-P(2)] are also shorter than other 
examples, it seems that the Ru(3)Ru(I)P(2) unit con- 
tracts in 3 to ameliorate the comparative electron defi- 
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ciency at Ru(3) and Ru(1). Ru(1)-Ru(2) is by far the 
shortest pyridyl-bridged M-M linkage reported thus far 
(see Table 4), although the fact that all other examples 
are also (Ix-H) bridged makes comparison difficult. 
Ru3(Ix3-r/Z-PPhCHzPPh2)(/z-r/3-C3H5)(CO)8 is the 
complex most closely related to 3; it has the same 
composition, but with an allyl rather than pyridyl group 
as the 3e donor. In the allyl cluster, the diequatorial- 
ligated allyl group symmetrically bridges Ru(l)-Ru(3), 
rendering all rutheniums electron precise. Although 
(Ix-pyridyl) prefers diaxial coordination, its location on 
Ru(1)-Ru(2) is unexpected, as a structure with this 
group bridging Ru(1)-Ru(3) in diaxial sites can be 
drawn which would render all rutheniums electron pre- 
cise. The reason for the anomaly may lie with the 
electronegative nitrogen and strong acceptor, orthometa- 
lated carbon positioning themselves approximately trans 
to differing phosphorus donor atoms in order to maxi- 
mize electron acceptance. 

3. Discussion 

Other chemistry in this system has afforded less clear 
results. Thermolysis of a solution of 3 leads to extensive 
decomposition and no tractable products. Reaction of 1 
with bis(diphenylphosphino)ethane (dppe) affords a 
more complex mixture of products than observed with 
dppm [13]; spectral characterization has suggested the 
presence of Ru3(Ix-dppe)(CO)lo and Ru3(Ix-dppe) 2- 
(CO) 8 amongst the reaction mixture (analogous to the 
dppm reaction), together with {Ru3(/.~-H)( Ix-NC5H4)- 
(CO)9}~(Ix-dppe) and Ru3(/z-H)(/z-NCsH4)( Ix-dppe)- 
(CO)8; the latter can perhaps be rationalized from the 
greater flexibility of dppe compared with dppm. 

The synthesis of 3 extends the chemistry of the 
Ru3(Ix-dppm)(CO) m system. Reactions between Ru 3- 
(Ix-dppm)(CO)lo and reagents with a propensity for 
oxidative addition [RC--CH ( R =  Ph, C6F 5, tBu, 
SiMe3), Au(C=CPh)(PR' 3) (R' =Ph,  C6H4Me-4), 12 
[14], allyl bromide, Me2S 2, AuCI(PPh 3) [15]] gave 
products with intact dppm ligands. In the reaction most 
similar to the present, addition of dihydrogen ( H - / H  + 

or H 2) to Ru3(Ix-dppm)(CO)10 gave Ru3(Ix-H)(/Z 3- 
"qZ-PPhCH2PPh2)(CO)9 [16-19]; as with 3, the hydride 
bridges the Ru(1)-Ru(2) bond [20]. The synthesis of 3 
is analogous to hydrogenation in that, in both cases, 
oxidative addition of HX (X = H, NCsH 4) followed by 
elimination (of benzene, presumably) occurs under mild 
conditions to afford the isolated product Ru3( Ix3-rl 2- 
PPhCH2PPh2)( Ix-X)(CO)9_ n [n = 0, X = H; n = 1, X 
= NCsH 4 (3)]. The mild reaction conditions (refluxing 
acetone) and isolation of unreacted Ru 3( Ix-dppm)(CO)~o 
are consistent with the first step of the reaction being 
oxidative addition rather than rearrangement of the dppm 
ligand; no thermolysis product of Ru3(/z-dppm)(CO)lo 
[i.e. the orthometalated complex Ru3(Ix-H)(Ix3-r/2- 
PPhCHzPPhC6H4)(CO)9 [20]] is observed, and oxida- 
tive addition of other reagents to Ru3( Ix-dppm)(CO)~o 
occurs under more forcing conditions (refluxing THF) 
to give products with an intact dppm ligand. The reason 
for the elimination step in the formation of 3 [not 
observed, for example, with Ru3(Ix-H)(Ix3-'r/2-C2 R) 
(Ix-dppm)(CO) 7 (see above)] may lie in the location of 
the bridging hydride in the intermediate; with the 
acetylide cluster, it is fluxional between the non-dppm 
bridged edges (trans-disposed with respect to the dppm 
in both cases), whereas in the precursor to 3, it would 
be bridging the dppm-bridged edge. It is possible that in 
this position (cis-disposed) it is ideally located to reduc- 
tively eliminate with a phosphorus bound phenyl to 
afford 3 (Scheme 1). 

4. Experimental 

Ru3(CO)I2 [21], Ru3( Ix-H)( Ix-NC5H4)(CO)Io, Ru 3- 
( Ix-H)2(Ix-NCsH4)2(CO) 8 [41 and Ru3( Ix-dppm)(CO)j0 
[22] were synthesized as published. Cyclohexane 
(sodium) and acetone (CaC12) were dried and distilled 
before use. Petrol refers to a mixture of petrols of 
boiling point range 40-70°C. Pyridine and dppm were 
obtained commercially (Univar and Aldrich respec- 
tively) and used as received. The reactions were carried 
out using Schlenk techniques [23] under an atmosphere 
of nitrogen, although subsequent workup was carried 

P h 2 P ~ P P h 2  
-2C0 O 

PhP~c~H PPh 

Scheme 1. 
(3) 
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out without any precautions to exclude air. Thin layer 
chromatography (TLC) was on glass plates (20 × 20 
cm) coated with Merck GFz54 silica gel (0.5 mm). 

IR spectra were recorded using a Perkin-Elmer model 
1600 Fourier-transform spectrophotometer with CaF z 
optics. ~H and ~3C NMR spectra were recorded on a 
Varian Gemini spectrometer (300 and 75 MHz respec- 
tively, the latter using approximately 0.02 M Cr(acac) 3 
as the relaxation agent and a recycle delay of 0.5 s). The 
31p NMR spectrum was recorded on a Varian XL200E 
spectrometer (81 MHz). Mass spectra were recorded 
using a VGZAB 2SEQ instrument (30 kV Cs + ions, 
current 1 mA, accelerating potential 8 kV, 3-nitrobenzyl 
alcohol matrix) at the Australian National University; 
peaks were recorded as m/z. Elemental microanalyses 
were performed by the Microanalysis Service Unit at 
the University of Queensland. 

4.1. Reaction of Ru~(Iz-H)(tx-NCsH4)(CO)Io (1) with 
dppm 

Dppm (35 mg, 0.091 mmol) was added to a solution 
of 1 (60 mg, 0.091 mmol) in cyclohexane (15 ml) and 
the mixture stirred at 50°C for 16 h. The resulting 
red-brown solution was taken to dryness and the residue 
taken up in a minimum amount of CHzC12. Purification 
by repeated thin layer chromatography using 30-40% 
acetone in petrol as eluent afforded a heavy baseline 
and four major bands from which the products were 
crystallized (CHzC12/hexane) and identified as follows: 

The first band contained unreacted starting material 
(1; 10 mg, 0.015 mmol, 17%). 

The second band afforded orange crystals of Ru3(/z- 
dppm)(CO)lp (8 mg, 0.008 mmol, 9%), identified from 
its IR and H NMR spectra by comparison with the 
literature [22]. 

The third band afforded orange crystals identified as 
Ru3( Iz3-r/2-PPhCH2PPh2)(/x-NCsH4)(CO) 8 (3, 7 mg, 
0.008 mmol, 8%). Anal. Found: C, 41.63; H, 2.26; N, 
1.40%; M ÷ 915. C32H21NOsP2Ru3. Calc.: C, 41.98; H, 
2.31; N, 1.53%; M ÷ 915. IR (cyclohexane): u(CO) 
2055m, 2010m, 1999s, 1993m,sh, 1981w, 1954w cm ~l. 
IH NMR: 6(CD2C12) 8.25 (d, J(HH) = 6 Hz, 1H, H6), 
7.81-7.30 (m, 17H, Ph + H3), 7.14 (m, IH, H4), 6.78 
(t,J(HH) = 6 Hz, 1H, H5), (aryl H); 3.58, 3.03 (2 × dt, 
J (HP)=15  Hz, J (HH)=5  Hz, 2 × l H ,  CH2). 13C 
NMR: 8(CDC13) 206.0 (CO); 154.5 (C6), 136.5 (C3), 
131.9(d, J (CP)=  12Hz), 131.6, 131.2(d, J (CP)= 11 
Hz), 130.5, 130.0, 129.0 (d, J (CP)=  11 Hz), 128.6 (d, 
J ( C P ) = 9  Hz), 119.5 (C5) (aryl C). 31p NMR: 
6(CDCI 3) 136.5, 15.3 (2 × d, J (PP)=  134 Hz, PPh, 
PPh 2 ). 

The fourth band afforded a yellow microcrystalline 
solid identified as Ru3(/z-dppm)2(CO) 8 (4 mg, 0.003 
mmol, 3%) by its FAB MS and comparison of its I H 
NMR spectra with the literature. Anal. Found: M ÷ 
1296. C58H44OsP4Ru 3 requires M + 1296. IR 

(cyclohexane): u(CO)2042m, 1991w, 1973s, 1966s, 
1942w cm - l .  IH NMR: 6(CDC13) 7.29-7,06 (m, 40H, 
Ph); 4.06 (t, J (HP)=  10 Hz, 4H, CH2). [Ref. [22] IR 
(cyclohexane): u(CO) 2056w, 2046w, 2023m, 2012sh, 
1998sh, 1981vs, 1970s, 1945m cm -l .  IH NMR: 
8(CDC13) 7.36 (m, 40H), 4.25 (t, 4H)]. 

4.2. Reaction of Ru3( Iz-dppm)(CO)lo with pyridine 

A mixture of Ru3(/x-dppm)(CO)10 (500 mg, 0.52 
mmol) and pyridine (8.5 g, 0.11 mol) in acetone (50 ml) 
was heated at reflux for 5 h. The resulting dark brown 
solution was taken to dryness and taken up in a mini- 
mum amount of CH2CI 2. Purification by TLC using 
2:3 CH2C1 z in petrol as eluent afforded two main 
yellow bands and a heavy baseline. Band 1 was identi- 
fied as unreacted Ru3(/z-dppm)(CO)10 (55 mg, 0.057 
mmol, 11%). Band 2 afforded an orange powder from 
CH2C12/hexane identified as Ru3(/x3-rl2-PPhCH2 
PPh2)(/x-NCsH4)(CO) 8 (3; 82 mg, 0.090 mmol, 17%). 

4.3. Thermolyses of pyridyl-containing clusters 

Heating a chlorobenzene (10 ml) solution of Ru3(/.t,- 
H)2(/x-NCsH4)2(CO) 8 (2, 18 rag, 0.026 mmol) for 1 h 
afforded a black precipitate which was found to be 
insoluble in acetone. 

A similar reaction with Ru3(/x3-rlZ-PPhCH2PPh2) - 
(/z-NCsH4)(CO) 8 (3, 10 mg, 0.011 mmol) over 16 h 
afforded a dark brown solution. Attempted purification 
of the reaction mixture by TLC (1 : 1 acetone in petrol) 
afforded a number of trace bands and a heavy baseline. 

4.4. Structure determination 

Single crystals of compounds 2 and 3 suitable for 
diffraction analyses were grown from hexane (2) and 
dichloromethane/hexane (3) solutions at -30°C. 
Unique diffractometer data sets were measured at around 
295 K within the specified 20ma x limit [20/0  scan 
mode; monochromatic Mo K,, radiation (A = 0.71073 
,~)] yielding N independent reflections. N O of these 
with I > 3o-(1) were considered "observed" and used 
in the full matrix least-squares refinement after Gauss- 
ian absorption correction. Anis0tropic thermal parame- 
ters were refined for the non-hydrogen atoms; 
(x, y, z, Uiso)H were refined for the hydrido species 
and constrained at estimated values for other hydrogens. 
Conventional residuals R, R w on ]Fr at convergence 
are given, statistical weights derivative of 0-2(1)= 
O'2(Idiff) q-0.00040"n(Idiff) being used. Neutral atom 
complex scattering factors were used, computation us- 
ing the Xa'At. 3.2 program system [24] implemented by 
Hall (pertinent results are given in the figures and 
tables). Lists of atomic coordinates and thermal parame- 
ters and a complete list of bond lengths and angles, 
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have been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

4.4.1. Abnormal features / variations in procedure 
Data for 3 were measured with an w-scan technique 

in view of the long b axis. The coordinated pyridine 
was indicated as ordered on the basis of refinement 
behaviour and treated as such. By contrast, for 2, coor- 
dinated pyridine C, N appeared to be disordered in a 
50 : 50 basis over the two possible coordination sites in 
each case and were refined as composites. It is not 
possible from the X-ray work to ascertain whether such 
disorder is concerted, i.e. disorder about Ru(1) being a 
composite of RuCN and RuNC, exclusive of RuC 2 and 
RuN 2 components. 
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