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The 18-electron rule requires metal-metal bonds in 2-4 which, 
if present, necessitate significant deformations of the ir-ligands 
from planarity.lc A single-crystal X-ray diffraction study confirms 
this for 2 (Figure 1), its structure contrasting with that of 
[(„5-C5H5)Ru(CO)2]2, 5.4 

The chemistry of 2 (and also 3 and 4)2 is quite distinct from 
that of 5.5 For example, iodine cleaves the Ru-Ru bond to the 
diiodide, which when treated with LiEt3BH even at -60 0C gives 
2 and none of the dihydride,2 indicating the possible operation 
of a fast intramolecular H2-extrusion process, not available to 
(^-C5H5)Ru(CO)2H.6 2, although thermally inert, undergoes 
photosubstitution by alkynes (including ethyne) to give 
("parallel")7 ;it2?;2-alkyne tricarbonyl complexes, characterized by 
a dirutheniacyclobutene nucleus and one bridging carbonyl group.2 

In the absence of added ligands irradiation of yellow 2 in THF 
with 350-nm or sunlight leads to rapid formation of the new, 
thermally unstable, colorless compound 6.3 X-ray analysis (Figure 
2) reveals the occurrence of a remarkable (and possibly unprec
edented)8 dinuclear oxidative addition to an sp2-sp2 hydrocarbon 
single bond. 

Structures related to 6 have been postulated as precursors to 
(fulvalene)dimetal complexes,lm~' the former reacting by the 
thermal reverse of the 2 -»• 6 interconversion, although reported 
cases have involved metal hydride species at some stage of their 
formation. Nevertheless, 6 thermally reverts cleanly to 2 (THF, 
room temperature) following first-order kinetics (£a = 21.9 ± 1.0 
kcal mol-1, log A = 11.7). This also occurs sharply in the crys
talline state (208 0C; AG = -29.8 ± 1.5 kcal mor1 by DSC). The 
2 —- 6 —• 2 sequence represents a new photochemical energy 
storage cycle. 

A crossover experiment involved a 1:1 mixture of 2 and 90% 
deuterated 2.9 The absence of any crossover was ascertained by 
mass spectral analyses of the resulting 6 and of subsequently 
regenerated 2. This rules out the presence of monomeric (met-
al-carbene?)10 intermediates in either process. 

Although the exact mechanistic details of the reported reactions 
are not understood, it is clear that hydrides are not necessary for 
their occurrence. It is tempting to postulate initial photocleavage 
of the Ru-Ru bond,4b followed by rotation and rearrangement, 
possibly involving bridging cyclopentadienylidenes.'' Interestingly, 
2 converts to 6 in the presence of chlorinated solvents, normally 
excellent traps for 17-electron metal centers,12 making this pathway 
less attractive. An alternative is a concerted process through a 
tetrahedral transition state.10 
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Binuclear transition-metal complexes bridged by phosphine 
ligands such as bis(diphenylphosphino)methane (dpm)1 and 2-
(diphenylphosphino)pyridine (Ph2Ppy)2 have been shown to 
provide a rich array of structural forms and an extensive reaction 
chemistry. We have become interested in obtaining complexes 
containing linear or nearly linear arrays of several metal atoms 
and have chosen to examine the coordinating properties of several 
polyphosphines related to dpm and Ph2Ppy. Here we describe 
complexes formed from bis(diphenylphosphinomethyl)phenyl-
phosphine (dpmp).3 This ligand represents an elaboration of the 
structural elements found in dpm. It has the potential for binding 
three metal centers in a row, A, or forming a chelate ring about 
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(3) 1: dark red cubes, 80%; mp 97-98 °C. 2: yellow plates, 78%; mp 
288-290 0C; 1H NMR (200 MHz, acetone-d6) S 5.90 (dd, 4 H, / = 2.2, 2.1 
Hz), 4.40 (dd, 4 H, J = 2.1, 2.1 Hz); IR (CH2Cl2) vco 2020 (vs), 1952 (vs) 
cm"1; UV Xm„ (THF) 243 nm (log e 3.99), 273 (4.04), 329 (3.85), 388 sh 
(3.18). 3; purple crystals, 60%; mp 279-280 0C (lit.la mp not reported). 4: 
orange flakes, 18%; mp 256-258 0C. 6. colorless plates, 62%; mp 208 0C 
(isomerization point to 2); 1H NMR (CDCl3) S 5.39 (dd, 4 H, / - 2.1, 2.1 
Hz), 4.68 (dd, 4H, J = 2.1, 2.1 Hz); IR (KBr) »>co 2000 (vs), 1960 (vs) cm"1; 
UV Xma, (THF) 239 nm (log « 3.90), 286 sh (3.18). 

(4) (a) Mills, O. S.; Nice, J. P. J. Organomet. Chem. 1967, 9, 339. See 
also: Bailey, N. A.; Radford, S. L.; Sanderson, J. A.; Tabatabaian, K.; White, 
C; Worthington, J. M. J. Organomet. Chem. 1978, 154, 343. (b) Abra-
hamson, H. B.; Palazzotto, M. C; Reichel, C. L.; Wrighton, M. S. J. Am. 
Chem. Soc. 1979, 101, 4123. 

(5) See: Dyke, A. F.; Knox, S. A. R.; Naish, P. J.; Taylor, G. E. J. Chem. 
Soc, Dalton Trans. 1982, 1297. Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; 
Morris, M. J. / . Organomet. Chem. 1981, 215, C30. 

(6) Humphries, A. P.; Knox, S. A. R. J. Chem. Soc, Dalton Trans. 1975, 
1710. 

(7) Hoffman, D. M.; Hoffmann, R.; Fisel, C. R. J. Am. Chem. Soc. 1982, 
104, 3858. 

(8) The related reaction of a fulvalene dimolybdenum dihydride might 
proceed through stepwise H-transfer mechanisms.10'1' 

(9) From 90% C5D6, modified from McLean et al.: McLean, S.; Webster, 
C. J.; Rutherford, R. J. D. Can. J. Chem. 1969, 1557. 

(10) Baker, E. C; Raymond, K. N.; Marks, T. J.; Wachter, W. A. J. Am. 
Chem. Soc. 1974, 96, 7586. 

(11) Hermann, W. A.; Kriechbaum, G.; Bauer, C; Guggolz, E.; Ziegler, 
M. L. Angew. Chem. 1981, 93, 838; Angew Chem., Int. Ed. Engl. 1981, 20, 
815. 

(12) Eisenstadt, A.; Tannenbaum, R.; Efraty, A. / . Organomet. Chem. 
1981, 221, 317. Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1980, 102, 
7794. 

one metal ion, B. In the cases described here, the interaction of 
this ligand with two different d8 metal ions, Pd(II) and Rh(I), 
leads to the formation of both structural types. 

The reaction of equimolar quantities of dpmp with bis(ben-
zonitrile)palladium(II) chloride in dichloromethane solution 
followed by the addition of ethyl ether yields the cream-colored 
crystalline complex 1 in 76% yield. The 31Pj1Hj NMR spectrum 
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(1) (a) Balch, A. L. In "Catalytic Aspects of Metal Phosphine Complexes"; 
Alyea, E. C, Meek, D. W., Eds; American Chemical Society: Washington, 
DC, 1982; Adv. Chem. Ser. No. pp 196, 243-256. (b) Balch, A. L. In 
"Homogeneous Catalysis with Metal Phosphine Complexes"; Pignolet, L. H., 
Ed.; Plenum Press: New York, in press, (c) Brown, M. P.; Fisher, J. R.; 
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Chem. 1982, 21, 2119-2129. (e) Mague, J. T.; Sanger, A. R. Ibid. 1979,18, 
2060-2066. (f) Hoffman, D. M.; Hoffmann, R. Ibid. 1981, 20, 3543-3555. 
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956-957. 
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101, 6654-6656. (b) Maisonnet, A.; Farr, J. P.; Olmstead, M. M.; Hunt, C. 
T.; Balch, A. L. Inorg. Chem. 1982, 21, 3961. 
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Figure 1. Perspective drawing of (dpmp)PdCl2. Some significant in
teratomic distances (A) and angles (deg) are as follows: Pd-Cl, 2.354 
(3); Pd-P(I), 2.259 (3); Pd-P(2), 3.893 (5); Cl-Pd-Cl, 88.7 (2); P-
Pd-P, 99.3 (2). 

of 1 consists of a doublet at 18.3 ppm due to the two terminal 
phosphorus atoms and a triplet at -40.7 ppm due to the internal 
phosphorus atom (V(P,P) = 62 Hz). The structure of 1 as 
determined by an X-ray crystallographic study is shown in Figure 
1.4 A mirror plane passes through the palladium atom, the central 
phosphorus atom, and the edge of the central phenyl group. Only 
the terminal phosphorus atoms are coordinated to the palladium 
atom. The central phosphorus atom is 3.893 (5) A from the 
palladium atom and is not bonded to it. The chelate ring has 
adopted a boat conformation.5 

The reaction of dpmp with dicarbonylrhodium(I) chloride dimer 
in dichloromethane/methanol mixtures yields a deep rose-colored 
solution from which the cation 2 has been isolated in 40% yield 
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Figure 2. Perspective drawing of [(M-dpmp)2Rh3(M-Cl)Cl(CO)3]+. Some 
significant interatomic distances (A) and angles (deg) are as follows: 
Rh(l)-Rh(2), 3.164 (3); Rh(2)-Rh(3), 3.180 (3); Rh(I)-Cl(I), 2.383 
(6); Rh(2)-Cl(l), 2.401 (6); Rh(3)-Cl(2), 2.376 (6); Rh(l)-C(65), 1.87 
(2); Rh(2)-C(66), 1.80 (3); Rh(3)-C(67), 1.83 (2); Rh(I)-P(I), 
2.339 (7); Rh(l)-P(4), 2.324 (7); Rh(2)-P(2), 2.318 (7); Rh(2)-P(5), 
2.324 (7); Rh(3)-P(3), 2.328 (7); Rh(3)-P(6), 2.313 (7); Rh(3)-Cl(l), 
3.476 (6); Rh(l)-Rh(2)-Rh(3), 157.4 (1); C(65)-Rh(l)-Cl(l), 171.5 
(7); C(66)-Rh(2)-Cl(l), 178.3 (7); C(67)-Rh(3)-Cl(2), 167.5 (8). 

that are bridged by two triphosphine ligands. Each rhodium atom 
is connected to a terminal carbonyl group. One chloride ligand 
bridges Rh(I) and Rh(2), while the other chloride acts as a 
terminal ligand. There exist close correspondences between 
structural portions of 2 and previously characterized, dpm bridged, 
binuclear rhodium(I) complexes. Thus, the left side Rh2P4(^-
Cl)(CO)2 unit in 2 is similar to the A-frame cation 3, which has 

as the Cl", BPh4", and PF6" salts. This cation possesses only 
terminal carbonyl groups as shown by the infrared spectra of the 
tetraphenylborate salt both as a solid (KCO) 1988, 1972, 1965, 
1958 sh cm"1) and in dichloromethane solution (v(CO) 1985,1970, 
1965 sh, 1955 sh cm"1). 

The details of the geometry of 2 have been obtained by X-ray 
crystallography.6 The structure of the cation is shown in Figure 
2. It consists of a slightly bent array of three rhodium atoms 

(4) Single crystals of (dpmp)PdCl2-CH2Cl2 were grown by diffusion of 
ethyl ether into a dichloromethane solution of the complex. They belong to 
the space group PlJm(No. 11) with a = 9.864 (1) A, b - 17.513 (8) A, c 
= 10.706 (10) A, /3 = 112.85 (6)°, Z = 2, at 140 K. R = 7.3% for 2021 
reflections with / > Ia(I) and 214 parameters. 

(5) The uncoordinated phosphorus atom in 1 and in other chelated com
plexes of dpmp can bind other metal centers to give bi- and trinuclear com
plexes. Guimerans, R. R.; Olmstead, M. M.; Balch, A. L., to be submitted 
for publication. 

(6) Single crystals of [(M-dpmp)2Rh3(M-Cl)Cl(CO)3]Cl-l.5C2H2Cl4 were 
grown by diffusion of ethyl ether into a tetrachloroethane solution of the 
complex. They belong to the space group P2[/e(No. 14) with a = 12.821 (3) 
A, b = 25.206 (14) A, c = 23.233 (11) A, /3 = 99.67 (3)°, Z = 4, at 140 K. 
R = 11.8% for 5522 reflections with / > Ia(I) and 493 parameters. A severely 
disordered molecule of C2H2Cl4 and poor counting statistics (4160 reflections 
were rejected with / < 2a(I)), which resulted from difficulty in obtaining a 
good quality crystal, have thwarted our attempts to achieve a better J? value. 
We are attempting to obtain a more suitable crystal of the cation and a full 
report will appear. 

(7) Cowie, M.; Dwight, S. K. Inorg. Chem. 1980, 19, 2700-2706. 

Rh-Rh 3.1520 (8) A and Rh-Cl-Rh 82.38 (5)0.7 The Rh2P4-
(CO)2Cl2 unit on the right side of 2 is related to the face-to-face 
rhodium dimers such as 4, which has a Rh-Rh separation of 

3.2386 (5) A.8 While the Rh-Rh separations in 2-4 are all longer 
than expected for Rh-Rh single bonds, the electronic interaction 
between the metal ions in 2 is demonstrated by the position of 
the proximity shifted9 absorption band, which occurs at 560 nm 
for 2 relative to 442 nm for 310 and 450 nm for 4.9 

The 31Pj1H) NMR spectrum of [(dpmp)2Rh3(M-Cl)Cl-
(CO)3] [BPh4] indicates that there are only two chemically unique 
phosphorus environments, S(interior) 15.3 and ^(terminal) 23.0, 
in dichloromethane solution. The spectrum remains invarient over 

(8) Cowie, M.; Dwight, S. K. Inorg. Chem. 1980, 19, 2500-2507. 
(9) Balch, A. L.; Tulyathan, B. Inorg. Chem. 1977, 16, 2840-2845. 
(10) Olmstead, M. M.; Lindsay, C. H.; Benner, L. S.; Balch, A. L. J. 

Organomet. Chem. 1979, 179, 289-300. 
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the temperature range +25 to -70 0C, To account for the 
equivalence of all four of the terminal phosphorus atoms, we 
propose that, in solution, the chloride ligands undergo rapid 
bridge-terminal exchange as shown in eq 1. This operation 

requires only minimal geometric displacements of the carbonyl 
group on Rh(2) and the chloride ligands. Note that the nonbonded 
Rh(2)-Cl(2) separation is only 1.087 A longer than the Rh-
(2)-Cl(l) bond length. 

Preliminary results indicate that [(M-dpmp)2Rh3(M-Cl)Cl-
(CO)3]+ has a rich reaction chemistry. Adducts are readily formed 
with sulfur dioxide and activated acetylenes. Although 3 readily 
and reversibly adds carbon monoxide in the trough between the 
two rhodium centers to form the double A-frame, [(M-
dpm)2Rh2(M-CO)(M-Cl)(CO)2]

+,10 carbon monoxide (at 1 atm) 
does not add to the similarly sized trough in 2. 
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Transition-metal methylene complexes have attracted attention 
because of their proposed role in catalytic reactions and their novel 
structural and chemical features.1 All known bridging methylene 
complexes contain either a metal-metal bond or an additional 
bridging ligand.2 Indeed, it has been postulated that these are 
necessary structural features to stabilize M-methylene complexes.1 

Here we report the isolation and characterization of a methylene 
complex without these features. We have found that this com
pound is far more reactive than analogous alkyl or metal-metal 
bonded M-methylene complexes; for example, it readily inserts CO, 
affording a complex containing the RuC(O)CH2Ru fragment. 

The ^-methylene complex [CpRu(CO)2] 2 (M-CH 2 ) (1) was 
prepared by reacting Na[CpRu(CO)2] with 0.5 equiv of methylene 

Contribution No. 3160. 
(1) Herrmann, W. A. Adv. Organomet. Chem. 1982, 20, 159. 
(2) (a) Azam, K. A.; Frew, A. A.; Lloyd, B. R.; Manojlovic-Muir, L.; 

Muir, K. W.; Puddephatt, R. J. J. Chem. Soc, Chem. Commun. 1982, 614. 
(b) Jandik, P.; Schubert, U.; Schmidbaur, H. Angew. Chem., Int. Ed. Engl. 
1982, 21, 73. (c) Balch, A. L.; Hunt, C. T.; Lee, C-L.; Olmstead, M. M.; 
Farr, J. P. / . Am. Chem. Soc. 1981, 103, 3764. (d) A ̂ -methylene bridged 
Mn complex has been observed spectroscopically: Berke, H.; Weiler, G. 
Angew. Chem., Int. Ed. Engl. 1982, 21, 150. 
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Figure 1. ORTEP drawing of [(rj5-C5H5)Ru(CO)2]2(M-CH2). The vibra
tional ellipsoids are drawn at the 50% probability level. 

chloride at -35 0C in THF and isolated by warming the reaction 
mixture to room temperature, evaporating the solvent, and re-
crystallizing from hexane (eq I).3 The complex decomposes at 

Na[CpRu(CO)2] + V2CH2Cl2 — 
V2Cp(CO)2Ru(CH2)Ru(CO)2Cp (1) 

room temperature over a 24 h period but can be kept indefinitely 
at -35 0C. Use of CH2(OTs)2 instead of CH2Cl2 gave 1 in lower 
yield. 

The structure4 of 1 in Figure 1 shows that the two ruthenium 
atoms are symmetrical about the M-CH2 group. The Ru-C dis
tance of 2.18 A (av) is slightly longer than those in [CpRu-
( C O ) ] 2 0 U - C O ) ( M - C H C H 3 ) (2.08 A) and [CpRu(CO)]2[/x-C-
(CH3)2][/i-C(CH3)2] (2.11 A).5 In these complexes, however, 
the Ru-Ru distance of 2.7 A and the ZRu-C-Ru of 80° indicate 
a metal-metal bond. In 1, which lacks this bond, the Ru-Ru 
distance is 3.8 A (av) and the ZRu-C-Ru is 123°. This metal-
metal separation is greater than that found in [Pt2Cl-
(CH2PPh3)](M-dppm)2(;u-CH2).

2a The /Ru-C-Ru is somewhat 
larger than expected for the sp3 hybridization. This large angle 
and relatively long Ru-C distance suggests steric crowding about 
the methylene group, which may be responsible for its unusual 
reactivity. 

Photolysis of 1 gave an 80% yield of the cis and trans isomers 
of the metal-metal bonded ^-methylene dimer [CpRu(CO)]2(/u-
CH2)(M-CO) (2), previously prepared from (Ph)3P=CH2 and 
[CpRu(CO)I2(M-CO)(M-C(O)C2(Ph)2).

6 A similar decarbon-
ylation with concomitant metal-metal bond formation occurs for 
[CpFe(CO)2]2[M-Si(H)(CH3)].7 Carbonylation of 1 occurs 

CH? 

[CpRu(CO)2 ]2(^-CH2) — CO + CpRu 
(CO) 

RuCp 
(CO) 

(2) 

readily (40 psig at room temperature) to give [CpRu(CO)2] 2(M-
CH2C(O)) (3; ~80%).8 Authentic 3 was prepared in low yield 

(3) 1H NMR (C6D6) 6 4.80 (10 H, s), 2.30 (2 H, s); 13C NMR (CD2Cl2) 
5 203.50 (CO), 90.41 (C5H5, /C-H = 1 7 7-9 H z . - W = 6.8 Hz), -37.42 (CH2, 
/C-H = 137.2 Hz). Anal. Calcd (found): C, 39.30 (39.24); H, 2.62 (2.75). 

(4) Crystal data for Ru2C15H12O4: monoclinic, P2/c, a = 19.020 (3) A, 
b = 6.239 (1) A, c = 20.046 (4) A, 0 = 108.63 (I)0, V= 2254.1 A3, p (calcd) 
= 2.026 g/cm3, Z = 6, M = 19.834 cm-1, crystal faces ±[100, 0.10; -102, 
0.0083; -210, 0.350], 3421 reflections with / > 2u(7) (-100 0C), analytically 
corrected for absorption, 258 variables, R = 0.058, R„ = 0.061. One molecule 
lies in a general position while a second half molecule is related to itself by 
the 2-fold axis. 

(5) (a) Dyke, A. F.; Knox, S. A. R.; Mead, K. A.; Woodward, P. / . Chem. 
Soc, Chem. Commun. 1981, 861. (b) Cooke, M.; Davies, J. E.; Knox, S. A. 
R.; Mead, K. A.; Roue, J.; Woodward, P. Ibid. 1981, 862. 

(6) Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Morris, M. J., J. Orga
nomet. Chem. 1981, 215, C30. 

(7) Malisch, W.; Ries, W. Angew. Chem., Int. Ed. Engl. 1978, 17, 120. 
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