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Summary

Minor products of the pyrolysis (80°C, 30 min) of Ru,;(CO),,(sp) (sp =2-
CH,=CHC¢H,PPh,) have been identified as Ru;(CO),, and the binuclear complex
Ru,(p-1',7°-MeCC,H,PPh, XCO), (A); the major product is H,Ru;(u-n?P-
HC,C,H,PPh,)(CO)g, which can subsequently be converted into a mixture of
Ru,(CO),, and A at 80°C under CO (5 atm). An X-ray study of A (monoclinic,
space group Cc, a 36.294(15), b 15.183(9), ¢ 15.724(6) A, B 115.93°, Z = 12; 3617
data with I >20([I) refined to R = 0.056, R, = 0.059) showed the presence of an
MeCC¢H ,PPh, ligand bridging an Ru,(CO), group by an n*-benzylic group to one
Ru, the exocyclic carbon forming a o-bond to the second Ru.

Introduction

We have recently described the electron transfer-catalysed reaction between
Ru,;(CO),, and the olefinic tertiary phosphine, 2-CH,=CHC-H ,PPh, (sp), which
affords Ru,(p-n?, P-CH,=CHC¢H,PPh,)(CO),, (I) and the conversion of I to the
hydrido cluster H,Ru;(p-n?, P-HCCC4¢H PPh,)}CO), (II) under mild conditions
[1]. A later account reported the further dehydrogenation of II in a reaction with
Ru,(CO),, to give Ru,(p,-HC,C,H,PPh,)CO),; (III) (Scheme 1) [2]. In their
original account of the thermal reactions between Ru,(CO),, and sp, Bennett and
coworkers [3] described the formation of Ru(CO),(sp) and Ru(CO),(sp), (in reflux-

* For Part XXV, see ref. 2. (Continued on p. 66)
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SCHEME 1
(Co),
Ru
H Ru
\/: \\\H
° c==C
Ha 40°c 74 \|_-PPhz
(OC)3RY ——————— RU(CO); e (OC);,R‘U———-—__—RU(CO)2
\ //I \H/
C / H,
Ha/ \\\C/ PPh2
+Ru3(CO)12

(D 100°C
135°C
Q\C/ WCO)3

PhoP — RU(CO)4
(0C), \\ //

(c:o)3

(I

ing octane), and Ru(CO)(sp),, Ru(CO),[Ph,PC,H,CH(CH,),CHC,H,PPh,] and
Ru(CO)(Ph,PC,H,CH=CHCH=CHC,H,PPh,) (in refluxing nonane). Further in-
vestigation of the thermal rearrangements of I has shown that in refluxing cyclo-
hexane, small amounts of a new yellow, binuclear complex characterised as Ru,(pu-
n',n>-MeCC,H ,PPh, )(CO), (IV), and the subject of this paper, can be isolated.

Experimental

Pyrolysis of Ru,(COJ,,(sp)

A solution of Ru;(CO),,(sp) (100 mg, 0.12 mmol) was heated in refluxing
cyclohexane (20 ml) for 30 min, after which time the reaction was adjudged complete
(the disappearance of the »(CO) band at 2094 cm ™! was monitored). Evaporation
and preparative TLC (silica gel, cyclohexane) gave three products: (i) Ru;(CO),, (4
mg, 5%); (i) yellow Ru,(p-n',7*-MeCC¢H,PPh,}COj}, (IV) (6 mg, 8%) from
CH,Cl,/MeOH, m.p. 103-108°C (Found: C, 48.18; H, 2.55. C,H,,0,PRu, calcd.:
C, 47.28; H, 2.90%). Infrared (cyclohexane); »(CO) at 2069s, 2048(sh), 2037s, 2004s,
1991vs, 1982s cm~'. '"H NMR (CDCl,): 8 (ppm) 3.10, d, J(CP) 1.5 Hz, 3H, CH;
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6.44-8.02, m, 14H, aromatic. Mass spectrum (70 eV): {M — Me — nCO]* (n = 0-6)
at m/e 647, 619, 591, 563, 535, 507, 479. (iii) yellow H,Ru,(p-n?, P-
HCCC,H ,PPh, (CO), (II), (61 mg, 65%) identified from its IR spectrum. Three
purple products were also present in trace amounts only.

Pyrolysis of H,Ru (i ;-P,y’-HCCC,H ,PPh,)(CO), under CO

A solution of II (50 mg, 0.061 mmol) in cyclohexane (30 ml) was heated in an
autoclave (80°C, 2 h) under CO (5 atm). Solvent was removed and the residue
chromatographed (silica gel, eluting with hexane) to give three bands: (1) Ru,(CO),,
(22 mg, 56%); (ii) Ru,(p-n',7*-MeCC4H,PPh,XCO)¢ (IV), (10 mg, 25%); and (iii)
unreacted starting material (6 mg, 12%) all identified by comparison of infrared
spectra with authentic samples.

Crystal Structure of Ru,(p-v',%’°-PPh,C;H,CCH,)(CO),

A yellow crystal of dimensions 0.6 X 0.15 X 0.08 mm was used to obtain cell
dimensions and intensity data on a Nicolet P3 diffractometer, using graphite
monochromated Mo-K, radiation.

Crystal Data: C,cH,;O¢PRu,, M = 660.55, monoclinic, space group Cc; a

TABLE 2
BOND LENGTHS FOR Ru,(CO)[Ph,P(C4H,CCH,)] (A)

Molecule 1 Molecule 2 Molecule 3
Ru(1)-Ru(2) 2.796(3) 2.786(3) 2.789(3)
Ru(1)-P 2.334(6) 2.336(7) 2.343(7)
Ru(1)-C(7) 2.17(2) 2.09(3) 2.12(2)
Ru(2)-C(1) 2.33(2) 2.29(2) 2.28(2)
Ru(2)-C(6) 2.23(2) 2.24(3) 2.22(3)
Ru(2)-C(7) 2.18(2) 2.20(3) 2.12(2)
P-C(1) 1.80(2) 1.84(3) 1.77Q2)
P-C(41) 1.85(1) 1.841) 1.83(1)
P-C(51) 1.83(1) 1.84(1) 1.81(1)
C(1)-C2) 1.39(4) 1.50(4) 1.51(3)
C(1)-C(6) 1.43(3) 1.43(4) 1.39(3)
C(2)-C(3) 1.45(4) 1.36(4) 1.42(4)
C(3)-C(4) 1.43(4) 1.47(4) 1.43(4)
C(4)-C(5) 1.36(4) 1.31(4) 1.43(4)
C(5)-C(6) 1.50(4) 1.44(4) 1.50(4)
C(6)-C(7) 1.37(3) 1.44(4) 1.46(3)
C(NH-C(8) 1.48(3) 1.64(4) 1.52(4)
Ru(1)-C(11) 1.88(3) 1.89(3) 1.91(3)
Ru(1)-C(12) 1.93(3) 1.88(3) 1.95(4)
Ru(1)-C(13) 1.87(3) 1.87(3) 1.84(3)
Ru(2)-C(21) 1.82(4) 1.83(4) 1.81(3)
Ru(2)-C(22) 1.91(3) 1.81(3) 1.92(3)
Ru(2)-C(23) 1.94(4) 1.77(4) 1.96(4)
C(11)-0(11) 1.15(3) 1.16(3) 1.15(3)
C(12)~-0(12) 1.12(3) 1.18(3) 1.15(3)
C(13)-0(13) 1.17(3) 1.19(3) 1.20(3)
C(21)~-0(21) 1.17(3) 1.23(4) 1.21(3)
C(22)-0(22) 1.15(3) 1.22(3) 1.16(3)

C(23)-0(23) 1.15(4) 1.22(4) 1.10(3)
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36.294(15), b 15.183(9), ¢ 15.724(6) A, B 115.93°, U 7794 A, D 167 gcm™3 D,
1.68 g cm ™ for Z = 12; F(000)= 3888, u(Mo-K,) 12.4 cm™', A\(Mo-K,) 0.7107 A.
Intensity data were collected in the range 3° <26 < 42° to give a total of 3813
unique reflections which were corrected for absorption using the azimuthal scan
method (maximum and minimum transmission factors were 0.891 and 0.766, respec-
tively). The 3617 reflections for which I > 2¢(1) were used in all calculations.

The structure was solved by direct methods (SHELX) to locate the positions of
the Ru atoms, with all other non-hydrogen atoms being located in subsequent
difference fourier calculations. In the final cycle of full-matrix least-squares refine-
ment the Ru and P atoms were assigned anisotropic temperature factors while other
atoms were treated isotropically. The unsubstituted phenyl rings were refined as
rigid groups, but hydrogen atoms were not included. The refinement converged at

TABLE 3
SELECTED BOND ANGLES FOR Ru, (CO)4[PPh,(C¢H ,CCH,)]

Molecule 1 Molecule 2 Molecule 3
Ru(2)-Ru(1)-P 72.5(2) 73.5(2) 73.8(2)
Ru(2)-Ru(1)-C(7) 50.2(6) 51.1(7) 52.2(6)
Ru(2)-Ru(1)-C(11) 147.9(9) 149.8(8) 146.9(8)
Ru(2)-Ru(1)-C(12) 111.2(9) 111.4(8) 109.2(1)
Ru(2)-Ru(1)-C(13) 94.6(10) 94.6(9) 94.9(9)
P-Ru(1)-C(7) 80.4(6) 81.3(7) 82.2(6)
Ru(1)-Ru(2)-C(1) 76.7(6) 76.7(6) 75.0(6)
Ru(1)-Ru(2)-C(6) 73.8(7) 75.3(7) 73.6(7)
Ru(1)-Ru(2)-C(7) 49.8(6) 47.9(7) 48.3(6)
Ru(1)-Ru(2)-C(21) 89.4(11) 95.5(12) 91.1(10)
Ru(1)-Ru(2)-C(22) 98.1(10) 97.1(10) 96.0(10)
Ru(1)-Ru(2)-C(23) 168.1(12) 167.0(12) 166.6(9)
C(1)-Ru(2)-C(6) 36.6(9) 36.9(9) 36.0(8)
C(1)~Ru(2)-C(7) 65.3(6) 65.2(9) 65.6(8)
C(6)-Ru(2)-C(7) 36.1(9) 37.9(10) 38.0(9)
Ru(1)-P-C(1) 100.5(8) 98.2(8) 97.5(8)
Ru(1)-P-C(41) 124.8(6) 125.7(6) 124.47)
Ru(1)-P-C(51) 117.6(6) 116.0(6) 115.3(7)
P-C(1)-C(2) 124.6(19) 123.3(19) 122.1(18)
P-C(1)-C(6) 110.3(18) 113.2(19) 113.417)
P-C(1)-Ru(2) 94.6(10) 96.1(10) 99.3(10)
C(2)~-C(1)-C(6) 122 Q) 120 (2) 120 ()
C(1)-C(2)~-C(3) 120 (2) 120 (2) 119 (2)
C(2)-C(3)-C(4) 118 (2) 117 (3) 122 (3)
C(3)-C(4)-C(5) 121 () 123 (3) 118 (3)
C(4)-C(5)-C(6) 122 (2) 123 (3) 122 (3)
C(5)-C(6)-C(1) 115 (2) 116 (2) 118 (2)
C(1)-C(6)-C(7) 121 ) 115 () 119 (2)
C(5)-C(6)-C(7) 124 (2) 130 (3) 123 (2)
C(6)-C(1)-Ru(2) 68.2(14) 69.6(14) 69.7(14)
C(1)-C(6)-Ru(2) 75.2(15) 73.5(15) 74.3(14)
C(6)-C(7)-C(8) 119 (2) 114 (2) 119 (2)
C(6)-C(T)-Ru(1) 117.6(17) 121.4(19) 115.1(16)
C(6)-C(T)~Ru(2) 74.1(14) 72.6(15) 70.3(14)

Ru(1)-C(7)-Ru(2) 80.0(8) 81.0(9) 79.4(8)
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Fig. 1. A view of one of the independent molecules of Ru, (p-n!,73-MeCCgH ,PPh, XCO)4 showing atom
labelling,

R =0.056, R, = 0.059 where w = 1.0015(02(F)+0.00253 F2)~!. A final difference
map showed no residual peaks greater than 0.6 eA ™.

Atomic coordinates are listed in Table 1, and selected bond distances and angles
are given in Tables 2 and 3. The molecular structure is illustrated in Figure 1. Lists
of thermal _parameters and structure factors are available on request from the
authors.

Results and discussions

The relatively pale colour and simple IR .spectrum in the »(CO) region suggested
that IV was a complex of low nuclearity. This was confirmed by the mass spectrum,
which contained ions [M — Me —nCO]* (n=0-6), where M = Ru,(CO)4(sp).
However, the '"H NMR spectrum contained only two resonances, a doublet at § 3.1
ppm and a complex well-resolved multiplet between § 6.4-8.0 ppm, of relative
intensities 3 /14. Considering the origin of the phosphine ligand, and the ready loss
of a CH, group from the molecular ion, it was reasonable to assign the former signal
to a CH, group coupled to the 3'P nucleus: evidently the original vinyl group had
isomerised, probably to a CMe function. This was confirmed by an X-ray structural
determination, which also enabled a rationalisation of the broad, finely-structure
aromatic resonance.

The asymmetric unit contains three independent molecules, two the same and the
third an enantiomer (the mirror plane associated with the c-glide of space group Cc
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means equal numbers of enantiomers are in the unit cell). The structural parameters
of individual molecules do not differ significantly so the following discussion is
based on average values.

Each molecule consists of two Ru(CO), groups connected by a Ru—Ru bond
(2.790 A) which is bridged by the rearranged sp ligand. This is coordinated to Ru(1)
by the phosphorus atom, and to Ru(2) by an n’-allylic interaction involving C(1),
C(6) and C(7); C(7) is also n'-bonded to Ru(1). Each ruthenium atom has approxi-
mately octahedral coordination, and has a formal 18 electron count, each of the
metal atoms also being ligated by three CO groups. An alternative interpretation is
in terms of C(7) acting as a bridging methylene carbon atom and the C(1)-C(6)
bond coordinated via a two-electron w-donor interaction to Ru(2). The distances
between Ru(2) and the three coordinated carbon atoms are more closely similar than
in other 7°-benzyl complexes. Thus the difference between the Ru-C(1) and Ru- C(7)
bonds is only 0.13 ;\ whereas the eqmvalent distances are 0.37 A in (-
CH,C,H,)Co[P(OMe),], [4], 0.21 A in (o’-CH,C,H, CH )Mo(CO)ZCp (5], 0.36 A
in [17 «(CH,C,H,),C]Mo0,(CO),Cp, [6] and 043 A in [PtW(5-CHC,H Me-
4)(CO),(PMe,),(Cp)]™* [7). This indicates a strong interaction between Ru(2) and
the ring carbon atoms. The phenyl ring is essentially planar (maximum deviation
from the least-squares plane is 0.07 ;\); the exocyclic C(7) is twisted out of this plane
by 0.18 A while the P is displaced by 0.8 A from the plane in the opposite sense.
Averaged over all three independent molecules, the C(1)-C(6), C(2)-C(3) and
C(4)-C(5) bonds are shorter than the other bonds in the ring suggesting that
coordination of this group has localised the w-electron density in one of the
valence-bond resonance forms of the benzene ring, although individual differences
are not crystallographically significant.

The C(6)-C(7) bond (1.42 A) is indicative of a bond order less than one,
consistent with the m-allyl bonding model. Similarly the C(6)-C(7)-C(8) angle of
117° is also consistent with the expected sp? hybridisation at C(7).

The chelating mode of the phosphine ligand is apparently quite strained since the
angles around P atom differ markedly from tetrahedral values; the Ru(1)-P-C(1)
value of 99° is particularly low while that to the free phenyl ring Ru(1)-P-C(41) at
124° is high.

Complex IV is probably an intermediate in the breakdown of the cluster com-
plexes to the mononuclear products described earlier. It is not possible to say how
the isomerisation of the vinyl to the ethylidene ligand occurs, but a plausible route
from (1) is via the hydrido complex II (Scheme 2). Transfer of both cluster-bound

0
(PhO)ZP\

Ph,P
(OC)2Ru
LN N h=Ru(CO)
(OC);RU— N
37T (Pho),P-LL P(OPh);
Me I
o}
(I¥)

(¥)
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SCHEME 2
(€O (CO),
Ho RSk R
\/,—'—\/\ : /NS
L c=c \\\ . ;C_C\\
(OC)RU ——ku—FPhe (OC)R Ru=" "2
(€O, (co),
(m

+ CO

v +  "Ru(co),”

hydrogens to the terminal (8) carbon of the C, unit would afford the ligand found
in IV; the C,H, ring is then ideally located for interaction of its = system with Ru. A
similar situation is found in HRu,(CO);{P(OC,H,)(OPh),],[OP(OPh),] (V), ob-
tained by controlled pyrolysis of Ru,(CO),[P(OPh),],, although in this example,
there is no exocyclic carbon to generate an 7’ interaction [8]. Formation of IV is
completed by addition of CO and extrusion of an Ru(CO), fragment; trimerisation
of this would give Ru,(CO),,, which is isolated in yields comparable with that of IV.
In a separate experiment it was shown that under CO pressure II is converted to IV
in 25% yield, with Ru,(CO),, as the other product. This strongly implicates the
intermediacy of II in the overall pyrolysis of Ru;(CO),,(sp) to IV. It is interesting to
note that the presence of Ru,(CO),, was found to be necessary for the conversion of
II to I1I; the formation of III in the thermal decomposition of I, free of Ru;(CO),,,
may result from the presence of small smounts of Ru;(CO),, generated by the
breakdown of I or II to IV.
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