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Abstract 

The structure of the maleic anhydride complex Ru( n2-C,H,03)(CO)(CN-p- 
tolyl)(PPh,), (1) has been determined by X-ray crystallography. Crystals of 1 are 
monoclinic, space group P2,/c, a 9.917(l), b 20.244(3), c 20.768(3) A, /3 99.8O(l)O. 
Z = 4, DC 1.406 g cme3. The structure was solved by conventional Patterson and 
Fourier techniques and refined by full matrix least squares. The refinement con- 
verged to R = 0.061, R, = 0.063. The geometry about ruthenium is approximately 
trigonal bipyramidal with the maleic anhydride and the two triphenylphosphines 
equatorial. The maleic anhydride coordinates to ruthenium via the alkene 
(C(l)-C(4)) bond. The elongated C(l)-C(4) bond and the values of Y(C%N) and 
v(CS0) in the infrared spectrum suggest a strong alkene Ir-acceptor component in 
the Ru-maleic anhydride interaction. 

Introduction 

The electron-rich d* ruthenium(O) complex Ru(CO)(CNR)(PPh,), (R = p-tolyl) 
readily undergoes both oxidative addition and ligand substitution reactions [l]. The 
ligand substitution reactions probably proceed via addition to the coordinatively 
unsaturated “Ru(CO)(CNR)(PPh,),” which is formed transiently in solution on 
dissociation of a triphenylphosphine ligand. The stereochemistry of the resulting 
substitution products isolated from solution appears to depend on the nature of the 
coordinating ligand. Thus, a rrans-arrangement of triphenylphosphine ligands is 
preferred for the products of carbon disulfide and dioxygen addition (structure A 
below) whereas a c&arrangement appears to be favoured for maleic anhydride 
(ma), fumaronitrile (fn), maleonitrile (mn), and dimethylfumarate (df) (structure B 
below) [2]. 
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Only three other structurally-characterized mononuclear complexes in which 
maleic anhydride bonds in a dihapto fashion via the double bond between carbon 
atoms have been reported [3-51. We therefore determined the structure of the maleic 
anhydride adduct Ru(#-C,H,O,)(CO)(CNR)(PPh,), (1) by a single crystal X-ray 
crystallographic study, and report the results here. 

Results and discussion 

Pale yellow crystals of 1 can be isolated in good yield and in high purity after 
reaction of Ru(CO)(CNR)(PPh,), with free maleic anhydride in benzene followed 
by recrystallization of the product from dichloromethane/ethanol solution. The 
carbonyl stretching frequencies of the v-bound maleic anhydride ligand are ob- 
served in the IR spectrum at 1789 and 1729 cm-‘. These values are very close to 
those reported for other maleic anhydride complexes [4,6], but are distinctly lower 
than those for free maleic anhydride (1850 and 1780 cm-‘) [4]. The stretching 
frequencies of the metal bound carbonyl and isocyanide ligands are observed at 
1955 and 2148 cm-‘, respectively. The corresponding bands in the precursor 
complex, Ru(CO)(CNR)(PPh,),, appear at the much lower values of 1901 and 2090 
cm-‘, respectively [l]. These changes indicate the maleic anhydride behaves as a 
very good r-acceptor ligand in complex 1. 

Crystals suitable for a single crystal X-ray crystallographic structure determina- 
tion were grown from dichloromethane/ethanol solution. The structure was solved 
by conventional Patterson and Fourier techniques and the molecular geometry is 
shown in Figs. 1 and 2. The ruthenium atom is five coordinate, with the phosphine 
and maleic anhydride ligands occupying the equatorial plane and the carbonyl and 
isocyanide ligands the axial positions. The equatorial plane is not symmetric, the 
maleic anhydride ligand lying slightly closer to one triphenylphosphine than the 
other (C(4)-Ru-P(2) 98” and C(l)-Ru-P(1) 116.4O). Surprisingly the maleic 
anhydride ligand adopts a position adjacent to the more bulky p-tolylisocyanide 
ligand, but the rings are so orientated that all contacts are of Van der Waal’s type. 
The carbon-carbon double bond is symm+cally bonded to the metal atom with 
Ru-C(1) 2.206(11) and Ru-C(4) 2.180(11) A. These ruthenium carbon distances fall 
within the range of values reported for other ruthenium-alkene complexes [7,8]. 
The length of the double bond C(l)-C(4) is 1.45 A and this is significantly longer 
than the corresponding distance of 1.303 A in free maleic anhydride [9]. A similar 
bond lengthening on coordination has been reported for the maleic anhydride 
ligand in other structurally characterised complexes [3-51. This elongation of the 
double bond is consistent with there being a large alkene Ir-acceptor component to 
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Fig. 1. Molecular geometry for Ru(q’-C4H,0,)(CO)(CN-p-tolyl)(PPh,), with the phenyl rings of the 
triphenylphosphine ligands omitted for clarity. 

the Ru-alkene bond. Other bond lengths in the maleic anhydride moiety are within 
normally accepted values. The maleic anhydride ligand is not completely planar, the 
oxygen atom of the heterocycle being displaced by 0.07 A from the plane of the 
carbon atoms towards the metal and the carbonyl oxygens by 0.05 A away from the 
metal. The plane of the maleic anhydride ligand makes an angle of 107” with the 

Fig. 2. Molecular geometry for Ru(~~-C,H,O,)(CO)(CN-~-~~~~~)(PP~~)~. 



Table 1 

Atomic coordinates for Ru( ~2-C,H203)(CO)(CN-p-tolyl)(PPh,), 

Atcm X/Q y/b z/c 

RU 

PG ) 

P(2) 

N(l) 

o(l) 

O(2) 

O(3) 
O(4) 

C(1) 

C(2) 
C(3) 

C(4) 

C(5) 

C(6) 
C(lU 

c(l2) 
c(l3) 

C(l4) 

C(l5) 
C(l6) 

c(21) 
C(22) 

C(23) 

C(24) 

C(25) 

C(26) 

C(31) 

C(32) 
CC331 

C(34) 

C(35) 
C(36) 

C(41) 

c(42) 
CC431 

C(44) 

C(45) 
Cc461 

C(51) 

CC521 

C(53) 

C(54) 

C(55) 
Cc561 

C(61) 

C(62) 
C(63) 

C(64) 

C(65) 
C(66) 

C(71) 
C(72) 
C(73) 

C(741 

C(75) 
C(76) 

C(77) 

0.4038(2) 0.103ql) 

0.4046(2) 0.2256(l) 

0.1652(g) 0.0547(5) 

- 0.0985(8) 0.1045(5) 

-0.0717(8) 0.1519(5) 

- 0.0237(10) 0.2249(6) 

0.3447(9) 0.2921(4) 

0.059qlO) 0.1981(S) 

- 0.0432(12) 0.1469(g) 

- 0.0046(14) 0.2078(g) 
0.0811(10) 0.2369(6) 

0.2052(10) 0.1020(6) 

0.3179(11) 0.2493(6) 
0.4782(10) 0.0415(5) 

0.5796(10) 0.0617(5) 

0.6296( 12) 0.0167(6) 
O-576412) - 0.0471(6) 
0.4729(12) - 0.0666(6) 

0.4232( 11) -0.0226(S) 
0.3152(10) 0.0504(5) 
0.1736(11) 0.0491(6) 

0.1033(13) 0.0069(7) 
0.1785(13) - 0.0342(6) 

0.3221(13) - 0.0336(6) 

0.3898(11) 0.0090(6) 

0.5463(10) 0.1321(5) 

0.684qll) 0.116q5) 
0.7864(13) 0.1442(6) 
0.7471(13) 0.1867(7) 

0.6141(13) 0.2029(6) 

0.5080(12) 0.1748(6) 
0.5689(10) 0.2652(5) 

0.630410) 0.2508(5) 

0.756qll) 0.2805(5) 
0.8177(11) 0.3251(6) 

0.7576(12) 0.3373(5) 
0.6310(11) 0.3087(6) 

0.3219(11) 0.2987(5) 
0.2997(12) 0.3501(6) 

0.2424(14) 0.4121(7) 

0.2067(16) 0.4141(S) 

0.2230(15) 0.3621(S) 
0.2844(12) 0.3008(6) 

0.4487(10) O&1734(5) 

0.5873(11) 0.1637(5) 
0.6155(13) 0.1214(6) 
0X61(14) 0.089q7) 
0.3779(14) 0.0986(7) 
0.3428(12) 0.1413(6) 
0.1067(12) - 0.0058(6) 
0.1691(16) - 0.0430(8) 
0.1068(14) - 0.1031(7) 

- 0.0074(12) - 0.126q6) 
- 0.0667(12) - 0.0879(6) 
- 0.0094(12) - 0.0276(6) 
- 0.0673(12) - 0.1944(6) 

0.26736(9) 0.18138(5) 0.23931(5) 

0.3068(l) 

0.1678(l) 

0.1566(5) 
0.2591(5) 

0x45(5) 

0.0904(5) 
0.3353(4) 

0.2599(6) 

0.2314(8) 

0.1457(S) 

0.2039(6) 

0.1847(5) 
0.2981(5) 

0.2591(5) 

0.2247(5) 

0.1823(6) 

0.1737(6) 

0.2092(6) 
0.2519(5) 

0.3590(5) 

0.3488(5) 

0.3866(6) 

0.4324(6) 

0.4431(6) 

0.4048(5) 

0.3694(5) 

0.3702(5) 

0.4188(6) 
O&40(6) 

O&73(6) 

0.4178(6) 

0.2006(5) 

0.2645(5) 

0.2892(5) 

0.2507(5) 

0.1881(6) 

0.1616(5) 

0.1234(5) 

0.1629(6) 

0.1348(7) 
0.0670(S) 

0.0278(S) 

0.0553(6) 

O-1028(5) 

0.0960(5) 

O&$51(6) 
0.0059(7) 

0.0117(7) 

0.0619(6) 
0.1337(6) 
0.0903(8) 

O-0666(7) 
0.087q6) 

0.1318(6) 
0.1548(6) 
0.0652(6) 
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plane defined by the metal and the alkene carbon atoms. This angle is characteristi- 
cally greater than 90” in coordinated alkenes. The bonds between Ru and the 
carbon atoms of the mutally truns CO and CNR ligands do not differ greatly in 
length from the corresponding distances reported for other ruthenium(O) and 
ruthenium(I1) complexes [lo-131. It is noteworthy that the Ru-CO distance 
(1.850(13) A) is significantly shorter than the Ru-CNR distance (2.004(13) A), 
indicating that in this arrangement CO functions as the better m-acceptor ligand. 
Distances within the isocyanide ligand are within the normally accepted values, as 
are the distances within the phosphine ligands. 

In conclusion the structural and spectroscopic data indicate that the maleic 
anhydride ligand acts as a very good Ir-acceptor in complex 1. This is consistent 
with other studies which indicate that coordinated maleic anhydride often acts in 
this manner [3-61. 

We also make the more general observation that on addition of neutral ligands L’ 
to the complexes M(CO)(L)(PPh,), (M = Ru, OS; L = CO, CN-p-tolyl, CS) (eq. 1) 
the arrangement of ligands in the product 3 isolated from solution appears to 

M(CO)L(PPh,), + L’ + M(CO)(L)(L’)(PPh,), + PPh, (I) 

(2) (3) 

depend on the a-acceptor characteristics of L’. Thus, when L’ is a very good 
a-acceptor (e.g. C,F,, maleic anhydride, fumaronitrile, maleonitrile, dimethyl- 
fumarate) complex 3 has the arrangement shown in C below [2,14]. When L’ is a 

poorer Ir-acceptor (e.g. O,, CS,, C,H,, CH,O) complex 3 has the structure shown 
in D with the two triphenylphosphine of the trigonal bipyramid [15,16]. 

Table 2 

Important interatomic distances for Ru(q’-C,H,O,)(CO)(CN-p-tolyl)(PPh,), (A) 

Ru-P(1) 2.381(3) 

Ru-P(2) 2.355(3) 

Ru-c(1) 2.206(11) 

Ru-C(4) 2.18qll) 

Ru-C(S) 2.004(13) 

Ru-c(6) 1.85q13) 

P(l)-c(ll) 1.82(l) 

P(l)-c(21) 1.841) 

P(l)-C(31) 1.85(l) 

P(2)-C(41) 1.84(l) 

P(2)-C(S1) 1.86(l) 

P(2)-C(61) 

C(l)-C(2) 

C(1 )-C(4) 
C(2)-O(1) 

C(2)-O(2) 

0(2)-C(3) 

C(3)-o(3) 

C(3)-c(4) 

C(5)-N(1) 
N(l)-C(71) 

C(6)-o(4) 

1.83(l) 

1 .So(2) 

1.45(2) 

1.22(2) 

1.37(2) 

1.40(2) 
1.19(2) 

1.48(2) 

1.16(l) 

1.40(2) 
1.16(l) 
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Table 3 

Important bond angles for Ru( q2-C,H,O,)(CO)(CN-p-tolyl)(PPh,), (O ) 

P(l)-Ru-P(2) 107.1(l) 

P(l)-Ru-C(1) 116.4(3) 

P(l)-Ru-C(4) X5.0(3) 

P(l)-Ru-C(5) 83.6(3) 

P(l)-Ru-C(6) 92.5(4) 

P(2)-Ru-C(1) 136.4(3) 

P(2)-Ru-C(4) 98.013) 

P(2)-Ru-C(6) 90.7(3) 

C(l)-Ru-C(4) 38.6(4) 

C(l)-Ru-C(5) 91 A(4) 

C(l)-Ru-C(6) 85.2(5) 

C(4)-Ru-C(S) 93.5(5) 

C(4)-Ru-C(6) 87.6(5) 

C(5)-Ru-C(6) 173.0(5) 

Ru-P(l)-C(l1) 112.1(4) 

Ru-P(l)-C(21) 116.8(4) 

Ru-P(l)-C(31) 119.4(4) 

Ru-P(2)-C(41) 

Ru-P(2)-C(51) 

Ru-P(2)-C(61) 

Ru-C(l)-C(4) 

Ru-C(l)-C(2) 

C(2)-C(l)-C(4) 
Ru-C(4)-C(1) 

C(3)-C(4)-C(1) 

C(l)-C(2)-O(2) 
C(l)-C(2)-O(1) 

C(2)-0(2)-C(3) 
o(2)-C(3)-C(4) 

C(4)-c(3)-O(3) 
Ru-C(S)-N(1) 

C(S)-N(l)-C(71) 

Ru-C(6)-o(4) 

120.2(4) 

111.2(4) 

118.9(4) 

69.7(6) 

114.2(8) 

103.9(1.1) 

71.7(6) 

107.3(1.2) 

lll.O(l.3) 
129.0(1.5) 

108.3(1.2) 

109.2(1.4) 

130.7(1.7) 

175.4(1.1) 

168.7(1.3) 

177.5&O) 

Experimental 

The general experimental techniques and instruments used have been described 
elsewhere [17]. IR spectra were recorded on a Perkin-Elmer 597 spectrometer with 
Nujol mulls between KBr discs. Ru(CO)(CNR)(PPh,), was prepared by published 
methods [18]. 

Ru(~~‘-C~H*~~)(CO)(C~R)(PP~~)~ 
Ru(CO)(CNR)(PPh,), (200 mg) and maleic anhydride (22 mg) were added under 

a stream of nitrogen to deoxygenated benzene (20 ml)_ The solution was stirred for 
approximately 1 h at 25 o C, then most of the benzene was removed under vacuum 
and the product precipitated by the careful addition of hexane. Recrystallization 
from dichloromethane/ethanol solution yielded pale yellow crystals of 1 (145 mg, 
86%). M.p. 178-180°C. Anal. Found, C, 68.00; H, 4.58. C,,H,,O,NP,Ru calcd.: C, 
67.73; H, 4.52%. 

X-ray crystallography 
Crystals of Ru( ~2-C,H203)(CO)(CNR)(PPhS)2 obtained from dichloromethane/ 

ethanol were monoclinic, a 9.917(l), b 20.244(3), c 20.768(3) A, fi 99.80(1)O, space 
group P2,/c, M, = 868.9, Z = 4, Ql.406 g cmm3, h(Mo-K,) 0.71069 A, ~(Mo-K,) 
5.01 cm-‘. Intensities of 3025 reflections with I > 3a(I) were measured on a 
CAD-4 diffractometer using the w/21!? scan technique and Zr filtered Mo-K, 
radiation. The intensity of three reflections were monitored through the data 
collection as a check for misalignment or decomposition, no evidence for either 
being found. Data were corrected for Lorentz and polarisation effects and empirical 
absorption corrections applied. The structure was solved by conventional Patterson 
and Fourier techniques and refined by full matrix least squares (weight = l-63/ 
(a(F) + 0.001 F’), refinement converged to R = 0.061, R, = 0.063. Atomic coordi- 
nates are listed in Table 1 and important bond distances and angles in Tables 2 and 
3, respectively. 
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