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were obtained from Aldrich and used as received. The a-PF and a-
(C12)2-CT-TPPFeCl porphyrins were synthesized as described in ref 32. 
CO2 was of N45 grade from Alphagas (Air Liquide). 

Cyclic Voltammetry and Thin-Layer UV-vis Spectroelectrochemistry. 
The cells, instruments, and procedures used for cyclic voltammetry and 
thin-layer UV-vis spectroelectrochemistry were the same as previously 
described." The UV-vis spectra were recorded on a Varian 2300 
spectrophotometer. The working electrodes were a 3-mm diameter glassy 
carbon disk (frequently polished with diamond pastes down to 1 ^m) or 
a mercury drop hung onto a gold disk in cyclic voltammetry and a 2.4 
cm2 platinum grid in spectroelectrochemistry. The reference electrode 
was a NaCl saturated calomel electrode. Dilution of CO2 with argon was 
carried out by means of a mass flow regulator (Air liquide Alphagaz) 
allowing a constant partial pressure of CO2 to be established. 

Preparative Scale Electrolysis Product Analysis. We used a gas-tight 
cell allowing the CO2 pressure to remain constant during the electrolysis 
similar to that described in ref 131. The mercury pool cathode was 
vigorously agitated by means of a magnetic stirrer. A platinum wire 
separated from the cathodic compartment by a Nafion membrane or a 
magnesium wire were used as anodes. The reference electrode was again 

(32) (a) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Malbert, T. R.; Lang, 
G.; Robinson, W. T. J. Am. Chem. Soc. 1975, 97,1427. (b) Momenteau, M.; 
Mispelter, J.; Loock, B.; Lhoste, J. M. /. Chem. Soc., Perkins Trans. 1 1985, 
221. (c) Momenteau, M.; Loock, B. J. MoI. Catal. 1980, 7, 315. (d) Mom
enteau, M.; Mispelter, J.; Loock, B.; Bisagni, E. J. Chem. Soc., Perkins Trans 
1 1983, 189. 

(33) Lexa, D.; Saveant, J.-M.; Zickler, J. J. Am. Chem. Soc. 1977, 99, 786. 

Organometallic complexes in which two or more metals are 
linked by a hydrocarbon bridge have been studied extensively as 
models for species postulated to be present in several important 
metal-catalyzed reactions.1 Detailed investigations of the ways 
in which metal-carbon and carbon-carbon bonds are made and 
broken in these soluble complexes can provide useful information 
for comparison to similar processes that occur in homogeneous 
catalytic reactions and on metal surfaces. Methylene-bridged 
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a NaCl saturated calomel electrode. After saturation of the solution 
during 30 min by CO2 dried over a CaCl2 or silica gel column, the cell 
was isolated. The first electrolysis was carried out at the potential where 
the Fe(III) porphyrin is converted into its Fe(II) form. A second elec
trolysis was then performed at the potential where the Fe(II) porphyrins 
is converted into its Fe(I) form. These two preliminary electrolyses lasted 
about 10 min each. The potential was then set to the value where the 
catalysis takes place, i.e., the potential where the Fe(I) porphyrins are 
converted into the Fe("0") form. The electrolysis was pursued up to 
about 4 h. We assayed for CO and H2 by means of gas chromatography 
on silica gel or Porapak columns. Formaldehyde was looked for by means 
of the chromotropic acid method.34* The same method was used for 
testing the possible presence of formate, after reduction of the acidified 
solution by magnesium.34b For testing the possible presence of oxalate 
we carried out a series of electrolyses in n-butyronitrile with H-Bu4NClO4 
as supporting electrolyte. By using n-butyronitrile, which is unmiscible 
with water we could extract the oxalate ions from the organic phase and 
titrate them in the aqueous extract with a saturated solution of BaCl2. 
The production of CO in these electrolyses was essentially the same as 
in the electrolyses carried out in DMF. 
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(34) (a) Grant, W. M. Anal. Chem. 1948, 20, 267. (b) Bricker, C. E.; 
Vail, W. A. Anal. Chem. 1950, 22, 720. 

complexes are a thoroughly investigated class of C,-bridged 
complexes.2 Most methylene-bridged complexes contain identical 
or similar metals bonded to the -CH 2 - bridge. Methylene-bridged 
complexes in which the -CH2- bridge links two metals of disparate 
electronic properties, though relatively rare, have proven to exhibit 

(1) For reviews of organometallic hydrocarbon-bridged complexes, see: (a) 
Casey, C. P.; Audett, J. D. Chem. Rev. 1986, 86, 339-352. (b) Holton, J.; 
Lappert, M. F.; Pearce, R.; Yarrow, P. I. Chem. Rev. 1983, S3, 135-201. (c) 
Moss, J. R.; Scott, L. G. Coord. Chem. Rev. 1984, 60, 171-190. 

(2) For a review of methylene-bridged complexes, see: Herrmann, W. A. 
Adv. Organomet. Chem. 1982, 20, 159-263. For a review of methylene-
bridged complexes without metal-metal bonds, see: Puddephatt, R. J. 
Polyhedron 1988, 7, 767-773. 
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Abstract: A series of Ru/Zr complexes linked by C2 bridges of bond orders 3, 2, and 1 were prepared, and characterized 
by spectroscopic data and single-crystal X-ray diffraction. The dimetalloalkyne complex Cp(PMe3J2RuC=CZrClCp2 was 
prepared by the reaction of Cp(PMe3)2RuC=CH with either Cp2Zr(CH3)Cl or Cp2Zr(NMe2)Cl. This dimetalloalkyne is 
the first example of a structurally characterized alkyne that is substituted by an electron-rich metal at one end, and by an 
electron-deficient metal at the other. The reaction of Cp(PMe3)2RuC^CH with [Cp2Zr(H)Cl], gives the dimetalloalkene 
complex Cp(PMe3)2RuCH=CHZrClCp2, which has a three-center, two-electron agostic interaction between the Zr and the 
vinylic CH that is /3 to Zr. Carbonylation of Cp(PMe3)2RuCH=CHZrClCp2 with 1 atm of CO produces the »;2-acyl complex 
Cp(PMe3J2RuCH=CHC(O) ZrClCp2. Analysis of the spectroscopic and structural data for this acyl compound indicates 
a substantial contribution from a zwitterionic resonance form that has a formal positive charge at Ru and a negative charge 
on the Zr portion. Hydrolysis of Cp(PMe3J2RuCH=CHZrClCp2 produces the known zirconium complex [Cp2ZrCl]2O and 
the ruthenium vinyl complex Cp(PMe3J2RuCH=CH2. Reaction of [Cp2Zr(H)Cl]n with Cp(PMe3)2RuCH=CH2 gives the 
dimetalloalkane complex Cp(PMe3)2RuCH2CH2ZrClCp2. Spectroscopic and crystallographic data are interpreted to indicate 
that this compound also has an agostic interaction between the Zr and a CH adjacent to Ru. 
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Ruthenium/Zirconium Complexes Containing C2 Bridges 

Scheme I 
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unusual reactions and structural features.3'4 

Compared to the numerous methylene-bridged complexes, there 
are far fewer examples of compounds containing a -CH2CH2-
bridge between two metals. Two-carbon bridges present the 
additional possibility of linking the two metals by C2 bridges having 
different C-C bond orders. In this paper, we report the synthesis, 
spectra, and structures of a series of complexes in which an 
electron-rich metal fragment [Cp(PMe3)2Ru] is linked to an 
electron-deficient metal fragment [Cp2ZrCl] by C2 bridges of bond 
orders 3, 2, and I.5 The availability of a complete series with 
RuOsCZr, RuCH=CHZr, and RuCH2CH2Zr moieties provides 
a unique opportunity to compare the spectroscopic and structural 
properties of C2-bridged complexes with saturated and unsaturated 
two-carbon linkages. The preparation and complete character
ization of an 7j2-acyl derivative of the RuCH=CHZr complex is 
also reported. 

Results 
Preparation of Ruthenium Alkynyl Complexes. The ruthenium 

alkynyl complex Cp(PMe3)2RuCssCH, which was utilized in the 
synthesis of the Ru/Zr dimetalloalkene and dimetalloalkyne 
complexes, was prepared by deprotonation of the cationic vi-
nylidene complex [Cp(PMe3)2Ru=C=CH2]

+[PF6]
_. This re-

(3) (a) Mackenzie, P. B.; Ott, K. C; Grubbs, R. H. Pure Appl. Chem. 
1984, 56, 59-61. (b) Park, J. W.; Mackenzie, P. B.; Schaefer, W. P.; Grubbs, 
R. H. J. Am. Chem. Soc. 1986,108,6402-6404. (b) Mackenzie, P. B.; Coots, 
R. J.; Grubbs, R. H. Organometallics 1989, 8, 8-14. (c) Ozawa, F.; Park, 
J. W.; Mackenzie, P. B.; Schaefer, W. P.; Henling, L. M.; Grubbs, R. H. J. 
Am. Chem. Soc. 1989, / / / , 1319-1327. (d) Park, J. W.; Henling, L. M.; 
Schaefer, W. P.; Grubbs, R. H. Organometallics 1991, 10, 171-175. 

(4) (a) Jacobsen, E. N.; Goldberg, K. I.; Bergman, R. G. J. Am. Chem. 
Soc. 1988, UO, 3706-3707. (b) Goldberg, K. I.; Bergman, R. G. J. Am. 
Chem. Soc. 1988,110, 4853-4855. (c) Hostetler, M. J.; Bergman, R. G. J. 
Am. Chem. Soc. 1990, 112, 8621-8623. 

(5) For a preliminary communication of part of this work, see: Bullock, 
R. M.; Lemke, F. R.; Szalda, D. J. J. Am. Chem. Soc. 1990,112, 3244-3245. 

action was mentioned in an earlier communication6 but was not 
described in detail; synthetic and spectroscopic data for the 
preparation of both Cp(PMe3)2RuC=CH and Cp-
(PMe3)2RuC=CCH3 are provided in the Experimental Section. 

Preparation and Characterization of l,2-DimetaUoalkynes. The 
preparation of the C2-bridged Ru/Zr complexes of carbon-carbon 
bond orders 3, 2, and 1 is shown in Scheme I. (In this paper, 
1,2, and 3 will be used as abbreviations for the C2-bridged Ru/Zr 
compounds; the number refers to the bond order between the two 
carbons.) The dimetalloalkyne complex Cp(PMe3)2RuC= 
CZrClCp2 (3) was prepared by two related routes, both of which 
utilized Cp(PMe3)2RuC=CH as the Ru starting material. The 
preparation shown in Scheme I involves reaction of Cp-
(PMe3)2RuC=CH with Cp2Zr(NMe2)Cl, which was prepared 
in situ from Cp2ZrCl2 and Cp2Zr(NMe2J2. In an NMR exper
iment, the reaction of Cp(PMe3)2RuC=CH (~0.09 M) with 
Cp2ZrCl2 (~0.04 M) and Cp2Zr(NMe2)2 (~0.04 M) occurred 
slowly at 55 0C in C6D6, taking over 1 week to reach completion. 
In preparative reactions, this synthesis was carried out at 100 0C 
in toluene. 

The two mononuclear zirconium species, Cp2ZrCl2 and 
Cp2Zr(NMe2J2, undergo a ligand redistribution reaction to give 
Cp2Zr(NMe2)Cl. This reaction was examined separately (in the 
absence of any Cp(PMe3)2RuC=CH) at room temperature; the 
equilibrium requires several days to be established. The equi
librium constant was not measured, but qualitatively it is clear 
that it significantly favors the Cp2Zr(NMe2)Cl species, as found 
by Jordan7 for several related redistribution reactions of Cp2ZrCl2 
with Cp2Zr(CH3)2> etc. The successful implementation of this 
synthesis requires that the reaction of Cp(PMe3)2RuC=CH with 
Cp2Zr(NMe2)Cl be much faster than that of Cp(PMe3)2RuO= 

(6) Bullock, R. M. J. Chem. Soc, Chem. Commun. 1989, 165-167. 
(7) Jordan, R. F. J. Organomel. Chem. 1985, 294, 321-326. 



8468 J. Am. Chem. Soc, Vol. 113, No. 22, 1991 

Table I. Crystallographic Data from the X-ray Diffraction Study of 1, 2, 3, and 2-CO 

formula 
a, A 
6, A 
c, A 
ft deg 
V, A3 

Z 
mol wt 
space group 
p(calcd), g cm"3 

radiation 

M, cm"' 
transmission coeff (max, 
R 
Rv 

min) 

max shift/error, final cycle 
temperature, K 

1 
C23H37ClP2RuZr 
11.906(3) 
14.001 (5) 
15.203 (5) 
99.83 (2) 
2497 (2) 
4 
603.24 
PlxIn 
1.604 
Mo Ka (graphite 

monochromatized) 
12.4 
0.8340, 0.7299 
0.055 
0.067 
<0.01 
200 

compound 

2 
C23H35ClP2RuZr 
8.173 (6) 
14.679 (5) 
20.727 (5) 

2486 (3) 
4 
601.16 
Pnma 
1.606 
Mo Ka (graphite 

monochromatized) 
12.4 
0.7968, 0.7746 
0.075 
0.098 
<0.01 
200 

3 
C23H33ClP2RuZr 
8.748 (1) 
12.839 (8) 
11.653 (5) 
110.21 (3) 
1228 (2) 
2 
599.20 
PlJm 
1.620 
Mo Ka (graphite 

monochromatized) 
12.6 
0.8857, 0.6200 
0.068 
0.086 
<0.01 
200 

Lemke et al. 

2-CO 

C24H35ClOP2RuZr 
16.387 (4) 
14.364 (4) 
11.248(8) 

2647 (3) 
4 
629.17 
Pnma 
1.578 
Mo Ka (graphite 

monochromatized) 
11.8 
0.8224, 0.7507 
0.065 
0.088 
<0.003 
200 

CH with Cp2Zr(NMe2)J. Accordingly, little reaction was observed 
when a C6D6 solution of Cp(PMe3)2RuC=€H (~0.09 M) and 
Cp2Zr(NMe2)2 (~0.04 M) was heated at 80 0 C for 6 days. 

Another synthetic route to 3 utilizes Cp2Zr(CH3)Cl as the Zr 
starting material. When a toluene solution of Cp-
(PMe3)2RuC=-CH and Cp2Zr(CH3)Cl was heated for several 
days in a sealed tube at 130 0C, methane and the dimetalloalkyne 
complex 3 were produced (eq 1). 

Me,py \ c 
M51P* ^ r 

Table II. Comparison of Structural Data for Cp(PMe3)2RuCH2-
CH2Zr(Cl)Cp2, Cp(PMe3)2RuCH=CHZr(Cl)Cp2, and 
Cp(PMe3)2RuCs2CZr(Cl)Cp2 Complexes 

Ru-C(2), A 
Zr-C(I), A 
C-C1A 
Zr-C(2) 
Ru-C-C angle 
Zr-C-C angle, 
C(I)-Zr-Cl 
P-Ru-P angle, 

, deg 
deg 

deg 

RuCH2CH2Zr 
1 

2.186 (9) 
2.276 (10) 
1.485 (14) 
2.549 (9) 
118.2(7) 
82.5 (6) 
117.4(3) 
95.7 (1) 

RuCH=CHZr 
2 

2.095 (16) 
2.185 (19) 
1.304 (22) 
2.564 (17) 
144 (1) 
91(1) 
116.2(5) 
98.7 (2) 

RuC=CZr 
3 

1.989 (13) 
2.141 (15) 
1.251 (20) 

169.9 (3) 
174 (2) 
103.3 (2) 
95.9 (2) 

,,. ^ r„7 

The high-temperature conditions utilized in the synthesis of 3 
attest to its thermal stability. In fact, less than 25% decomposition 
was observed by 1H NMR when a 0.05 M solution of 3 in tolu-
ene-rf8 was heated at 130 0 C for 3 weeks. In contrast to this 
thermal stability, however, solutions of 3 are extremely sensitive 
to trace amounts of water, resulting in hydrolysis to regenerate 
the ruthenium alkynyl complex Cp(PMe3)2RuC=CH. Although 
all of the Ru/Zr complexes reported in this paper exhibit an 
expected sensitivity to air and water, qualitative observations 
indicate that the dimetalloalkyne complex 3 is more sensitive to 
hydrolysis by traces of water than either 2 or 1. 

The two carbons of the C2 bridge of 3 appear in the 13C NMR 
at similar positions. The ZrC resonance appears as a singlet at 
8 190.4, and the RuC resonance is a triplet [2JK = 22.8 Hz) at 
5 178.3. A strong band in the IR spectrum at 1868 cm"1 is 
assigned to the C = C stretch. 

The structure of the dimetalloalkyne complex was determined 
by single-crystal X-ray diffraction. Details of the data collection 
and refinement parameters are provided in Table I. Table II lists 
some of the pertinent bond distances and angles for this compound, 
along with comparisons to the related RuCH=CHZr and RuC-
H2CH2Zr complexes. The Ru atom is disordered about the mirror 
plane; details of the disorder are given in the Experimental Section. 
An ORTEP drawing of one molecule of the disordered pair is shown 
in Figure 1. 

The ruthenium alkynyl complex Cp(PMe3)2RuC=CH was also 
used in the preparation of an alkyne substituted at one end by 
a transition metal (Ru) and at the other end by a main group 
element (Sn). The reaction of Cp(PMe3J2RuC=CH with excess 
Me3SnNMe2 at room temperature produced Cp(PMe3) 2RuC=" 

Figure 1. ORTEP drawing of Cp(PMe3)2RuCs=CZr(Cl)Cp2 (3) showing 
50% probability thermal ellipsoids. The molecule is disordered about the 
mirror plane containing C(2), C(I), and Zr; the Ru atom lies about 0.3 
A from this plane. The elongated thermal ellipsoids of C(2), C(I), and 
Zr indicate that these atoms are also slightly disordered about the mirror 
plane. 

CSnMe3. The IR band at 1919 cm"1 assigned to the C = C stretch 
appears at a higher stretching frequency than that of dimetallo
alkyne 3, and the 13C NMR peaks for the alkyne carbons (8 145.3 
for RuC; 5 102.3 for SnC) are considerably upfield from those 
found for dimetalloalkyne 3. 

Me1P-1V 

Me1P *%. 

HNMe2 

Me1P
1 / 

Me,P 

Preparation and Characterization of Dimetalloalkenes. The 
reaction (Scheme I) of Cp(PMe3)2RuC3=CH with [Cp2Zr(H)Cl]n 

gives Cp(PMe3)2RuCH=CHZrClCp2 (2). The 3 /H H = 18.8 Hz 
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Figure 2. ORTEP drawing of Cp(PMe3)2RuCH=CHZrClCp2 (2) show
ing 50% probability thermal ellipsoids. The atoms Ru, C(2), C(I), Zr, 
and Cl lie on a crystallographic mirror plane. 

coupling between the two vinyl protons of 2 indicates the trans 
geometry of the dimetalloalkene. Differences in the P-H coupling 
constants facilitate the assignment of the resonance at 5 9.46 (3/PH 

= 4.3 Hz) as that for the RuC//, while the resonance at 5 8.38 
(% H " 0.8 Hz) is due to the ZTCH. In the 13C NMR spectrum, 
the ZrC resonance at S 198.7 (Vpc = 4 Hz) exhibits a C-H 
coupling constant of ]JCH = 157 Hz. The much smaller *Jcn of 
110 Hz observed for the RuCH resonance at a 114.7 (2Jp0 = 16 
Hz) suggests a three-center, two-electron agostic8 bonding in
teraction between this CH and the Zr center. Additional evidence 
in support of this agostic interaction comes from a low-intensity, 
broad IR band centered around 2590 cm"1 in the IR spectrum 
of 2, which is assigned to the agostic C-H stretch. This assignment 
is confirmed by the absence of this band in the deuterium-labeled 
derivative Cp(PMe3J2RuCD=CHZrClCp2 (prepared from the 
reaction of Cp(PMe3)2RuC=CH with [Cp2Zr(D)Cl]n) in which 
it is replaced by a sharper band at 1900 cm"1 assigned to the C-D 
stretch. 

The reaction of the propynyl complex Cp(PMe3)2RuO=CCH3 

with [Cp2Zr(H)Cl]n provided the corresponding methyl-substituted 
dimetalloalkene complex Cp(PMe3J2RuCH=CMeZrClCp2. 
Spectroscopic data for this complex were similar to those for 2. 
In particular, the lJcli of 116 Hz observed for the RuCH reso
nance and the IR band at 2624 cm 1 (shifted to 1914 cm"1 in the 
deuterated derivative Cp(PMe3)2RuCD=CMeZrClCp2) again 
indicated an agostic interaction. 

Details of the data collection and refinement parameters for 
the crystallographic study of 2 are given in Table I. Some of the 
pertinent bond distances and angles for this structure are given 
in Table II, and an ORTEP view is shown in Figure 2. There is 
a crystallographically imposed mirror plane that requires Ru, C(2), 
C(I), Zr, and Cl to reside in the same plane. The hydrogens on 
the carbons bonded to Ru and Zr were located on the difference 
Fourier map and are also in the mirror plane. The distance from 
H(2) to Zr is 2.08 (2) A, but the accuracy of this distance suffers 
from the normal uncertainties involved in hydrogen atom locations 
determined by X-ray diffraction.9 Along with the structural and 
spectroscopic data mentioned above, the presence of the agostic 
interaction between H(2) and Zr is further substantiated by the 
small Zr-C(l)-C(2) angle of 91 ( I ) 0 , which is far smaller than 
the 144 (1)° found for the Ru-C(2)-C(l) angle. The C(I)-Zr-Cl 
angle in 2 is nearly identical with that found in 1 (see below) but 
is about 13° larger than that found for 3. Since an agostic 
interaction takes up a coordination site at the central position of 
the bent sandwich zirconocene structures in 2 and 1, the C( I ) -
Zr-Cl angle is larger in these compounds compared to that in 3, 
which has no ligand at the central position. 

Preparation and Characterization of a Ruthenium Vinyl Com
plex. Addition of water to a THF solution of 2 produces the 
ruthenium vinyl complex Cp(PMe3J2RuCH=CH2 and the oxy
gen-bridged zirconium dimer [Cp2ZrCl]2O,10 which precipitates 
from solution (Scheme I). The stoichiometry of this reaction 
requires only 0.5 equiv of water, so rigorous drying of solvents 

(8) Brookhart, M.; Green, M. L. H.; Wong, L.-L. Prog. Inorg. Chem. 
1988,35, 1-124. 

(9) Bau, R.; Teller, R. G.; Kirtley, S. W.; Koetzle, T. F. Ace. Chem. Res. 
1979, 12, 176-183. 

(10) Wailes, P. C ; Weigold, H. / . Organomet. Chem. 1970, 24, 405-411. 
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Figure 3. ORTEP drawing of Cp(PMeJ)2RuCH2CH2ZrClCp2 (1) showing 
50% probability thermal ellipsoids. The atoms Ru, C(2), C(I), Zr, and 
Cl lie within ±0.05 A of a noncrystallographic mirror plane. 

and glassware is required in order to avoid unintentional hydrolysis 
of this (and other) complexes containing Zr-C bonds. The ru
thenium vinyl complex can be isolated as a waxy yellow solid by 
hexane extraction followed by sublimation. This reaction can be 
carried out on isolated samples of 2, but we normally prepared 
it by hydrolysis of solutions of 2 prepared according to Scheme 
I, without isolation of 2. Isolated yields of Cp(PMe3J2RuCH= 
CH2 (based on two steps from Cp(PMe3)2RuG==CH) ranged from 
52% to 70%. The 1H NMR resonance for each of the three vinyl 
protons of Cp(PMe3J2RuCH=CH2 appears as a doublet of 
doublet of triplets, since each vinyl proton is coupled to the other 
two vinyl protons as well as to the two phosphines. The mono-
deuterated complex Cp(PMe3J2RuCD=CH2 was isolated from 
hydrolysis of Cp(PMe3J2RuCD=CHZrClCp2. 

This ruthenium vinyl complex, Cp(PMe3J2RuCH=CH2, can 
also be prepared in high yield from alcoholysis of 2 by methanol 
or ethanol. This method is not useful for preparative reactions, 
however, since we were unable to separate Cp(PMe3)2RuCH= 
CH2 from the zirconium products Cp2ZrCl(OCH3) or 
Cp2ZrCl(OCH2CH3). 

Preparation and Characterization of a 1,2-DimetalIoalkane. In 
a reaction similar to formation of the dimetalloalkene, the reaction 
of Cp(PMe3)2RuCH=CH2 with [Cp2Zr(H)Cl]n gives a di-
metalloalkane complex, Cp(PMe3)2RuCH2CH2ZrClCp2 (1), as 
an orange solid (Scheme I). Both of the CH2 resonances appear 
as unresolved multiplets in the 1H NMR spectrum, but definitive 
assignment of the resonance at 5 1.39 as ZvCH1 and that at 5 -0.05 
as RuCZZ2 comes from a comparison of the spectrum of 1 with 
deuterated analogues. The monodeuterated dimetalloalkane 
complex Cp(PMe3J2RuCHDCH2ZrClCp2 was prepared by two 
different routes: from reaction of Cp(PMe3J2RuCH=CH2 with 
[Cp2Zr(D)Cl]n, and from reaction of Cp(PMe3)2RuCD=CH2 

with [Cp2Zr(H)Cl]n . The dideuterated complex Cp-
(PMe3J2RuCD2CH2ZrClCp2 was prepared from reaction of Cp-
(PMe3J2RuCD=CH2 with [Cp2Zr(D)Cl]n. The two CH2 carbons 
of 1 appear at very different positions in the 13C NMR spectrum: 
5 53.9 ('/CH = 145 Hz) for ZrCH2 and 5 -34.4 (V C H = H1 HZ) 
for RuCH2. As in the case of the related dimetalloalkene complex, 
we interpret the low lJCH for RuCH in this dimetalloalkane 
complex as being indicative of an agostic interaction between one 
of the CH's adjacent to Ru with the unsaturated Zr center. 
Supporting spectroscopic evidence for this comes from an IR band 
at 2743 cm"1 in the RuCH2CH2Zr complex, which is appropriately 
shifted to 2031 cm"1 in the RuCD2CH2Zr analogue. 

The structure of the dimetalloalkane complex 1 was determined 
by X-ray crystallography. Details of the data collection and 
refinement parameters are provided in Table I. Table II lists some 
of the important bond distances and angles for this structure, and 
an ORTEP drawing is shown in Figure 3. The M-C(sp3) distances 
of 1 are longer than the M-C(sp2) distances of 2: Both the Zr-C 
and the Ru-C distances are about 0.09 A longer in 1 compared 
to those in 2. There is no crystallographically imposed mirror 
plane in 1, but Ru, C(2), C(I), Zr, and Cl are nearly coplanar. 
The largest deviation from the best plane containing these five 
atoms is -0.05 A for C(2). The agostic hydrogen, H(3), lies 0.70 
A out of this plane. The distance from Zr to H(3) is 2.19 (2) 
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Figure 4. ORTEP drawing of Cp(PMe3)2RuCH=CHC(0)ZrClCp2 (2-
CO) showing 50% probability thermal ellipsoids. The atoms Ru, C(3), 
C(2), C(I), 0(1), Zr, and Cl lie on a crystallographic mirror plane. 

Insertion of CO into the Zr-C Bonds of Cp(PMe3J2RuCH= 
CRZIClCp2 (R = H, CH3). When a THF solution of 2 was stirred 
under CO (1 atm) overnight, an insertion of CO into the Zr-C 
bond occurred, and Cp(PMe3)2RuCH=CHC(0) ZrClCp2 (2-CO) 
was isolated in good yield (eq 3). The acyl is ?j2-bonded to Zr, 

CO(I aim) 

' / > = < < Me5P 

: / > - < Me5P' 

^m "7 
H 

H m 
as is generally the case for electron-deficient early transition metal 
acyl complexes." Spectroscopic data indicative of the ?;2-acyl 
include a singlet at 5 267.5 in the 13C NMR spectrum assigned 
to the acyl carbon, and an IR band at 1443 cm"1 assigned to the 
C=O stretch. The NMR data are also consistent with a con
siderable contribution from the zwitterionic resonance form shown 
in eq 3, which has a cationic ruthenium carbene and a negative 
charge on zirconium. Specific evidence for the viability of the 
ruthenium carbene character in this complex comes from the 
observation of downfield shifts of the RuC# at 5 11.70 QJm = 
15.8 Hz, 37PH = 8.6 Hz) in the 1H NMR spectrum as well as the 
13C NMR resonance at 5 246.5 ('7CH = 131 Hz) assigned to the 
RuCH. 

The structure of the acyl complex 2-CO was determined by 
X-ray crystallography. Data collection and refinement parameters 
are given in Table I, and bond distances and angles are listed in 
Table III. An ORTEP diagram is shown in Figure 4. There is 
a crystallographically imposed mirror plane that constrains Ru, 
C(3), C(2), C(I), 0(1), Zr, and Cl to reside in the same plane. 
The »;2-bonding of the acyl to Zr deduced from solution spec
troscopic data is verified to be maintained in the solid state. Along 
with the spectroscopic data mentioned above, the details of the 
structural determination also support a substantial contribution 
from both of the resonance forms shown in eq 3, as discussed in 
a later section. 

Carbonylation of the methyl-substituted complex Cp-
(PMe3)2RuCH=C(CH3)ZrClCp2 produced an analogous ?;2-acyl 
derivative, Cp(PMe3)2RuCH=C(CH3)C(0)ZrClCp2. Qualitative 
observations in separate reactions indicated that the rate of the 
carbonylation of 2 was much faster than the rate of carbonylation 
of the methyl derivative Cp(PMe3)2RuCH=C(CH3)ZrClCp2. A 
competition experiment was carried out in which a CD2Cl2 solution 
containing 2 and Cp(PMe3)2RuCH=C(CH3)ZrClCp2 was treated 
with CO. This experiment indicated a kinetic preference of 
~ 100:1 for reaction of CO with 2 compared to the closely related 
methyl derivative Cp(PMe3)2RuCH=C(CH3)ZrClCp2. A similar 
kinetic preference is found for the reaction of 1BuNC with these 

(11) Durfee, L. D.; Rothwell, I. P. Chem. Rev. 1988, 88, 1059-1079. 

Table III. Selected Bond Lengths (A) and Angles (deg) for 
Cp(PMe3)2RuCH=CHC(0)ZrClCp2(2-CO) 

Bond Lengths 
Ru-P(I) 2.256 (3) Zr-C(I) 2.178 (12) 
Ru-C(3) 1.977 (13) Zr-Cl 2.577 (4) 
C(3)-C(2) 1.352(17) Zr-O(I) 2.212(9) 
C(2)-C(l) 1.413 (16) C(I)-O(I) 1.278 (15) 
C(I)-O(I) 1.278 (15) 

Bond Angles 
P(I)-Ru-P(I') 98.2(2) Cl-Zr-C(I) 114.1(4) 
P(l)-Ru-C(3) 90.7 (2) Cl-Zr-O(I) 80.3 (3) 
Ru-C(3)-C(2) 137.9 (9) C(I)-O(I)-Zr 71.6 (7) 
C(3)-C(2)-C(l) 119(1) C(I)-Zr-O(I) 33.8(4) 
C(2)-C( l)-O(l) 127 (1) 

two dimetalloalkene complexes.12 The fact that the spectroscopic 
data for the two acyl complexes are very similar is not surprising, 
but this similarity contrasts with the substantial differences in 
spectroscopic and structural properties of 772-iminoacyl complexes 
that result from reaction of 'BuNC with Cp(PMe3)2RuCH= 
CRZrClCp2 (R = H vs R = CH3).

12 

Discussion 
The RuC=CZr, RuCH=CHZr, and RuCH2CH2Zr com

plexes reported herein provide a unique set of complexes in which 
two carbons connect an electron-deficient metal with an elec
tron-rich metal. Most of the previously reported complexes with 
two-carbon bridges have identical metals on the two sides of the 
linking C2 unit. The availability of spectroscopic and structural 
data for all three members of our series enables comparisons of 
these compounds with each other, as well as with other C2-bridged 
complexes reported in the literature. In the following sections, 
the structural and spectroscopic properties of 3, 2, and 1 will be 
compared with related compounds of each type containing 
MO=CM, MCH=CHM, and MCH2CH2M moieties. We first 
briefly consider some general trends in the structures of our 
complete series of Ru/Zr complexes in comparison to a series of 
compounds reported by Beck and co-workers in which two Re-
(CO)5 moieties are linked by C2 bridges of bond orders I,13 2,14 

and 3.15 Table II shows a trend of decreasing Ru-C and Zr-C 
bond distances with increasing carbon-carbon bond order for our 
Ru/Zr compounds. An analogous trend was found in Beck's Re 
complexes where the Re-C distances in 4, 5, and 6 were 2.304 

( C O ) 5 R e ^ ^ t 

P. Re(CO); . 

/ > H < C 0 ) ' R ' 

(CO)5Re — C = C -Re(CO)5 

Re(CO)5 

/ W© 
(CO)5Re' ^Re(CO)5 

(8), 2.18 (1), and 2.141 (16) A, respectively. Comparison of the 
bond lengths of the dimetallocyclobutenedione 5 with other 
members of the series is compromised by the influence of zwit
terionic resonance forms, such as the one shown above with a 
Re=C double bond and a C—C single bond. To our knowledge, 
there are no other sets of C2-bridged bimetallic complexes where 
all three members of the series are available for comparison. 

Comparison of Cp(PMe3)2RuOsCZrCICp2 with Other C2-
Bridged Complexes. Three ways in which a C2 unit can link two16 

(12) Lemke, F. R.; 
tion. 

(13) Raab, K.; Nagel, 
1466-1476. 

(14) Beck, W.; Schweiger, M. J.; Mttller, G. Chem. Ber. 1987, 120, 
889—»93 

(15) (a) Appel, M.; Heidrich, J.; Beck, W. Chem. Ber. 1987, 120, 
1087-1089. (b) Heidrich, J.; Steimann, M.; Appel, M.; Beck, W.; Phillips, 
J. R.; Trogler, W. C. Organometallics 1990, 9, 1296-1300. 

(16) This discussion is limited to examples where the C2 bridge is bonded 
to only two transition metals. Leading references to a number of cluster 
complexes with bicarbide bridges are provided in ref 19. 

; Szalda, D. J.; Bullock, R. M. Submitted for publica-

U.; Beck, W. Z. Naturforsch. 1983, 38b, 
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Table IV. Spectroscopic and Structural Data for C2-Bridged Transition Metal Complexes 
13C NMR of CM? 

C2-bridged complex e(C=C), cm"1 C = C , ppm distance, A ref 

(CO)5ReC=CRe(CO)5 2002 94A 1.19(3) 15 
Cp(CO)2RuC=CRu(CO)2Cp 74.7 1.19 (1) 19 
(PMe3)2(I)PtC=CPt(I)(PMe3)2 2022 1.179(48) 20 
Cp*(CO)2FeC=CFe(CO)2Cp* 98.1 21 
(PPh3)AuC=CAu(PPh3) 2040 22 
Cp(CO)3WC=CW(CO)3Cp 1.18 (3) 23 
Cp*2ScC=€ScCp*2 1899 179.4 1.224(9) 24 
(1Bu3SiO)3Ta=C=C=Ta(OSi tBu3)3 1617 1.37(4) 25 
Cp(PMe3)2RuC=CZrClCp2 1868 178.3 (RuC) 1.251(20) this work 

190.4 (ZrC) 

transition metals are shown in generalized form below. A com
parison of types A and B is given below. Type C will not be 
discussed in detail; an example of this type of C2 bridge is 
(Me3CO)3W=CC=W(OCMeJ)3.

17 

M - C = C - M M = C = C = M M = C - C = M 
A B C 

Frank and Selegue18 recently reported a series of RuC=CW 
and FeC=CW complexes. One of their compounds, Cp-
(PMe3)2RuC=CWCp(CO)(7;2-PhC=CPh), has the same ligands 
on Ru as 3, but structural data are not available for comparison. 
Table IV lists spectroscopic and structural data associated with 
the C=C moiety of several previously reported dimetalloalkyne 
complexes, along with comparative data for Cp(PMe3)2RuC= 
CZrClCp2 and (tBu3SiO)3Ta=C=C=Ta(OSitBu3)3.25 The 
average C=C distance26 found in organic alkynes is 1.18 A. This 
is similar to the C=C distances found for the ReC=CRe, 
RuC=CRu, PtC=CPt, and WC=CW complexes in Table IV. 
Both the 13C NMR data as well as the VQ^C stretching frequencies 
(from Raman data for the symmetrically substituted ReC=CRe, 
PtC=CPt, and AuC=CAu compounds) are similar to spectro
scopic data found in organic alkynes. These spectroscopic and 
structural data distinguish these dimetalloalkynes with resonance 
form M—C=C—M from the alternative "dicarbide" M = C = 
C=M structure found in the Ta=C=C=Ta complex reported 
by Wolczanski and co-workers.25 The vcmc stretching frequency 
of dimetalloalkyne 3 appears at 1868 cm"1, a value intermediate 
between those found for the C=C stretch of the M—C=C—M 
complexes and that found for the C=C stretch of the T a = C = 
C=Ta complex. The 13C NMR resonances of dimetalloalkyne 
3 are considerably downfield of analogous resonances in the 
M—C=C—M complexes, consistent with some metal carbene 
character of both in the bridging carbons in dimetalloalkyne 3. 
Although zirconocene complexes with Zr=C bonds are rare, 
Schwartz and GeIl have reported27 the spectroscopic character
ization of thermally unstable Cp2(PMePh2)Zr=CH2. The 13C 
NMR resonance at 5 248.6 for the carbene carbon of this mo
nonuclear compound can be compared with the ZrC of di
metalloalkyne 3, which was observed at 8 190.4. 

(17) (a) Listemann, M. L.; Schrock, R. R. Organometallics 1985, 4, 
74-83. (b) Blau, R. J.; Chisholm, M. H.; Folting, K.; Wang, R. J. J. Am. 
Chem. Soc. 1987, 109, 4552-4560. 

(18) Frank, K. G.; Selegue, J. P. J. Am. Chem. Soc. 1990,112,6414-6416. 
(19) Koutsantonis, G. A.; Selegue, J. P. J. Am. Chem. Soc. 1991, 113, 

2316-2317. 
(20) Ogawa, H.; Onitsuka, K.; Joh, T.; Takahashi, S.; Yamamoto, Y.; 

Yamazaki, H. Organometallics 1988, 7, 2257-2260. 
(21) Akita, M.; Terada, M.; Oyama, S.; Sugimoto, S.; Moro-oka, Y. Or

ganometallics 1991, 10, 1561-1568. 
(22) Cross, R. J.; Davidson, M. F. J. Chem. Soc, Dalton Trans. 1986, 

411-414. 
(23) Chen, M.-C; Tsai, Y.-J.; Chen, C-T.; Lin, Y.-C; Tseng, T.-W.; Lee, 

G.-H.; Wang, Y. Organometallics 1991, 10, 378-380. 
(24) St Clair, M.; Schaefer, W. P.; Bercaw, J. E. Organometallics 1991, 

10, 525-527. 
(25) Neithamer, D. R.; LaPointe, R. E.; Wheeler, R. A.; Richeson, D. S.; 

Van Duyne, G. D.; Wolczanski, P. T. J. Am. Chem. Soc. 1989, / / / , 
9056-9072. 

(26) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. 
G.; Taylor, R. J. Chem. Soc, Perkin Trans. 2 1987, S1-S19. 

(27) Schwartz, J.; GeIl, K. I. / . Organomet. Chem. 1980, 184, C1-C2. 

Although the Ru-C distance (1.989 (13) A) is not significantly 
shorter than the 2.016 (3) A length found in ruthenium alkynyl 
complex Cp(PPh3)2RuC=CPh,28 the Zr-C distance (2.141 (15) 
A) is considerably shorter than the Zr-C distance of 2.249 (3) 
A determined29 for Cp2Zr(C=CMe)2. On the basis of the 
spectroscopic and structural data, we suggest that the zwitterionic 
resonance form shown below is a contributor to the structure of 
dimetalloalkyne 3. The intramolecular charge transfer required 

Cp(PMe3I2Ru C=C Zr(CI)Cp2 

© ' O 
Cp(PMe3)2Ru=C=C=Zr(Cl)Cp; 

to convert this complex from the M—C=C—M resonance form 
to the zwitterionic M=C=C=M resonance form is facilitated 
by the disparity in electronic structures of the electron-rich Ru 
fragment and the electron-deficient Zr fragment. 

Compounds in which electron donors are linked to electron 
acceptors by an unsaturated bridge are of interest due to their 
potential utility in nonlinear optical applications. A caveat to the 
interpretation of the spectroscopic and structural results given 
above for these organometallic complexes is provided by a study30 

of organic alkynes substituted by donor and acceptor aromatic 
groups, such as (p-amino-p -nitrodiphenyl)acetylene shown below. 

Structural distortions indicative of the intramolecular charge 
transfer in this molecule were manifested primarily in the nitro-
phenyl and aminophenyl groups, and not in the acetylene linkage 
itself. The C=C distance in this molecule was 1.183 (4) A, thus 
showing no elongation of the carbon-carbon distance indicative 
of the distortion to the zwitterionic quinoid resonance structure. 

Both the transition-metal organometallic "push-pull" acetylene 
3 as well as the organic acetylene discussed above have C=C units 
substituted by an electron donor at one end and an electron ac
ceptor at the other end. Their zwitterionic resonance forms have 
the C=C cumulene type of structure. In contrast, Bestmann and 
co-workers have reported31 the synthesis and structure of the 
phosphinoboratoacetylene shown below, which has a zwitterionic 
structure in the P - C = C - B form. The C=C bond distance of 
this compound is 1.216 (5) A, consistent with the assignment as 
a triple bond. 

© O 
Ph2(CH3)P—C=C—BPh3 

Formation and Stereochemistry of Cp(PMe 3 ) 2 RuCH= 
CHZrClCp2. Davison and Selegue have shown32 that metal 

(28) Wisner, J. M.; Bartczak, T. J.; Ibers, J. A. lnorg. Chim. Acta 1985, 
100, 115-123. 

(29) Erker, G.; Fromberg, W.; Benn, R.; Mynott, R.; Angermund, K.; 
Kriiger, C. Organometallics 1989, 8, 911-920. 

(30) Graham, E. M.; Miskowski, V. M.; Perry, J. W.; Coulter, D. R.; 
Steigman, A. E.; Schaefer, W. P.; Marsh, R. E. J. Am. Chem. Soc. 1989, / / / , 
8771-8779. 

(31) Bestmann, H. J.; Behl, H.; Bremer, M. Angew. Chem., Intl. Ed. Engl. 
1989, 28, 1219-1221. 
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alkynyls and other unsaturated carbon ligands bonded to late 
transition metals generally undergo attack at the |8-carbon by 
electrophiles, and attack at the a-carbon by nucleophiles. Since 
some metal carbonyl hydrides are moderately acidic33 whereas 
most early metal hydrides are hydridic,34 we were interested in 
reacting the same metal alkynyl complex with both types of metal 
hydrides. On the basis of the established trends in reactivity of 
metal alkynyl complexes and metal hydrides, it was anticipated 
that the two different types of metal hydrides would lead to 
different types of products, with acidic metal hydrides protonating 
the /3-carbon of the metal alkynyl complex, and hydridic metal 
hydrides delivering their H to the a-carbon of the metal alkynyl 
complex. Prior to the study of the reaction of ruthenium alkynyl 
complexes with zirconium hydrides reported herein, we examined 
the reaction of Cp(PMe3)2RuC=CCH3 with metal carbonyl 
hydrides.35 Relatively acidic metal hydrides such as CpW(CO)3H 
protonate the /3-carbon of the alkynyl ligand, producing the cationic 
ruthenium vinylidene, with a metal anion as the counterion (eq 
4). Opposite regiochemistry is indeed observed in the reaction 

i 
.Ru 

Me, 

Me1P" 

i P7 % r V 

(4) 

MejP' 

Me.P" 7 ^ w © 

\ 

of metal alkynyl complexes with acidic vs hydridic metal hydrides, 
since the H from the hydridic zirconium hydride is delivered to 
the a-carbon of the metal alkynyl complex, resulting in a 1,2-
dimetalloalkene. Although the products from both of these re
actions are those expected on the basis of the distinct reactivity 
characteristics of the two different classes of metal hydrides, these 
reactivity patterns are not indicative of mechanistic details for 
formation of the two products. In particular, while the reaction 
of CpW(CO)3H with Cp(PMe3)2RuC=CCH3 involves proton 
transfer, the opposite regiochemistry observed in the reaction of 
the same alkynyl complex with [Cp2Zr(H)Cl]n does not require 
that this reaction involve direct hydride transfer. The formation 
of 2 results from a formal insertion of the C=C bond into the 
Zr—H bond. The use of hydrozirconation reactions of [Cp2Zr-
(H)Cl]n with organic alkynes and olefins is well-established in 
organic chemistry,36 and the cis insertion of Zr-H found here in 
the formation of the dimetalloalkenes is analogous to the stere
ochemistry found for reactions of other alkynes with [Cp2Zr-
(H)Cl]n. In contrast, insertion of electron-deficient alkynes such 
as CH3O2C=CCO2CH3 into the M-H bond of Cp2ReH,37 

Cp2WH2,
37 Cp2NbH(CO),38 fra«5-H2Pt(PCy3)2,

39 or Cp*Rh-
(PMe3)H(Ph)40 gives either trans only or a mixture of cis and trans 
insertion products. In the case of Cp2ReH and Cp2WH2, 
Herberich and Barlage showed37 that the trans insertion products 
were the kinetic products, and that a subsequent isomerization 

led to cis products. These reactions have been proposed to proceed 
by a mechanism involving electron transfer followed by proton 
transfer and radical combination. This mechanism is quite distinct 
from that for formation of cis products from electronically un
saturated metal hydrides such as [Cp2Zr(H)Cl]n and Cp*2ZrH2,

41 

which involves coordination of alkyne to the metal, followed by 
insertion into the Zr-H bond. 

Structure of Cp(PMe3)2RuCH=CHZrClCp2 and Comparison 
with Other Dimetalloalkenes. There is considerable diversity in 
the ways in which an RCCR moiety can bridge two metals. The 
bridging acetylene complexes of type D have their M-M bond 
oriented perpendicular to the C-C bond. Well-known acetylene 
complexes of this type include numerous compounds of general 
formula Co2(CO)6(RCCR').42 The dimetalloalkene complexes 
of type E43 can have the same overall formula as the bridging 
acetylene complexes of type D,43 but the type E43 complexes have 
a parallel orientation of the M-M bond relative to the C-C bond. 

R 

I 
R £ " " .. „ M 

M M M-

D E F G 

The general drawing E depicts a dimetallocyclobutene, which has 
a metal-metal bond. Examples of type F43 are also known, where 
the two metals in the dimetalloalkene are cis to each other, but 
no metal-metal bond is present. In addition to the structural 
differences, a molecular orbital analysis44 by Hoffman and co
workers indicates that complexes of type D are quite different 
electronically from those of type E or F. There are substantial 
differences in the Ru/Zr dimetalloalkene complexes reported in 
this paper (of general type G) compared to the dimetalloalkenes 
of type E or F. The two metals are cis to each other in E and 
F but trans in G. Another difference in the complexes of types 
E and F and those reported in this paper is that most of the 
complexes of type E and F have electron-withdrawing substituents 
(R) bonded to carbon; in many cases, the synthesis of these 
complexes involves addition of an electron-deficient alkyne such 
as CF3C=CCF3 or CH3O2C=CCO2CH3 to a bimetallic complex. 
Finally, nearly all of the examples of each of these types of 
complexes have identical metals as opposed to the early and late 
metal combination of the RuCH=CHZr complex 2. 

Dimetalloalkene complexes containing two different metals are 
rare, but our structural results for 2 can be compared with two 
homometallic dimetalloalkenes, one of which contains the same 
Zr fragment [Cp2ZrCl], and the other the same Ru fragment 
[Cp(PMe3)2Ru], as found in 2. Beck and co-workers have de
veloped a method for synthesis of a variety of hydrocarbon-bridged 
bimetallic compounds by reaction of a metal carbonyl anion with 
cationic complexes containing ir-bonded unsaturated hydro
carbons.45 With use of this methodology, the reaction of 
CpRu(CO)2- with [Cp(PMe3)2Ru(r,2-CH302C=CC02CH3)]

+ 

led to the isolation of the dimetalloalkene complex T.46 Note that 
although the two metals in 7 are the same, the ligands on Ru are 
different so that it resembles 2 not only in having a Cp(PMe3)2Ru 
moiety at one end of the molecule, but also in having one metal 

(32) (a) Davison, A.; Selegue, J. P. J. Am. Chem. Soc. 1980, 102, 
2455-2456. (b) Davison, A.; Selegue, J. P. / . Am. Chem. Soc. 1978, 100, 
7763-7765. (c) For a theoretical treatment, see: Kostic, N. M.; Fenske, R. 
F. Organometallics 1982, /, 974-982. 

(33) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J. Am. Chem. Soc. 1986, 
108, 2257-2263. 

(34) Labinger, J. A,; Komadina, K. H. J. Organomet. Chem. 1978, 155, 
C25—C28 

(35) Bullock, R. M. / . Am. Chem. Soc. 1987, 109, 8087-8089. 
(36) (a) Schwartz, J.; Labinger, J. A. Angew. Chem., Intl. Ed. Engl. 1976, 

15, 333-340. (b) Negishi, E.; Takahashi, T. Aldrichchimica Acta 1985, 18, 
31-47. 

(37) Herberich, G. E.; Barlage, W. Organometallics 1987, 6, 1924-1930. 
(38) Herberich, G. E.; Mayer, H. J. Organomet. Chem. 1988, 347, 93-100. 
(39) Clark, H. C; Ferguson, G.; Goel, A. B.; Janzen, E. G.; Ruegger, H.; 

Siew, P. Y.; Wong, C. S. J. Am. Chem. Soc. 1986, 108, 6961-1972. 
(40) Jones, W. D.; Chandler, V. L.; Feher, F. J. Organometallics 1990, 

9, 164-174. 

(41) McDade, C; Bercaw, J. E. J. Organomet. Chem. 1985, 279, 281-315. 
(42) Dickson, R. S.; Fraser, P. J. Adv. Organomet. Chem. 1974, 12, 

323-377. 
(43) References to the synthesis, reactivity, and structure of complexes of 

type D, E, and F are provided in ref 44. For more recent representative 
examples of complexes of types E and F, see the following papers and refer
ences cited therein: (a) Sutherland, B. R.; Cowie, M. Organometallics 1984, 
3, 1869-1878. (b) Mague, J. T. Organometallics 1986, 5, 918-926. (c) 
Targos, T. S.; Geoffroy, G. L.; Rheingold, A. L. Organometallics 1986, 5, 
12-16. (d) Bushnell, G. W.; Decker, M. J.; Eadie, D. T.; Stobart, S. R.; 
Vefghi, R.; Atwood, J. L.; Zaworotko, M. J. Organometallics 1985, 4, 
2106-2111. 

(44) (a) Hoffman, D. M.; Hoffmann, R. Organometallics 1982, /, 
1299-1302. (b) Hoffman, D. M.; Hoffmann, R.; Fisel, C. R. J. Am. Chem. 
Soc. 1982, 104, 3858-3875. 

(45) For a review see: Beck, W. Polyhedron 1988, 7, 2255-2261. 
(46) Breimair, J.; Steimann, M.; Wagner, B.; Beck, W. Chem. Ber. 1990, 

123, 7-10. 
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center being substantially more electron-rich than the other. The 
Ru(I)-C distance of 2.148 (3) A in 7 is slightly longer than the 
Ru-C distance of 2.095 (16) A found for 2. The Ru(I)-C-C 
angle of 130.5 (2)° in the Ru2 complex 7 is smaller than the 
Ru-C-C angle of 144 (I)0 found in 2. 

The synthetic method used in Scheme I for the synthesis of our 
Ru/Zr dimetalloalkene 2 follows that utilized earlier by Erker 
and co-workers47 in the synthesis of the Zr/Zr dimetalloalkene 
8 from the reaction of (CH3C5H4)J(Cl)ZrC=CCH3 with 
[Cp2Zr(H)Cl]n. The Zr(2)-C(2) distance of 2.209 (4) A in their 
Zr/Zr complex 8 is comparable to the Zr-C distance of 2.185 
(19) A in 2. Other bond distances pertinent to the agostic in
teraction in 2 include the Zr-C(2) distance of 2.564 (17) A and 
the Zr-H distance of 2.08 (2) A. Both of these are similar to 
analogous distances in Erker's dimetalloalkene 8. 

Structure of Cp(PMe3J2RuCH2CH2ZrClCp2 and Comparison 
with Other Dimetalloalkanes. Several complexes have been pre
pared in which early and late metals are linked by a -CH2-
bridge.3,4 Grubbs and co-workers have prepared complexes that 
exhibit agostic interactions between the CH on a bridging ligand 
and the early transition metal.3 One of their compounds that is 
related to the Ru/Zr dimetalloalkane complex 1 reported in this 
paper is their Ti/Rh complex 9, which contains two C1 bridges, 
a normal methylene bridge and a bridging agostic methyl group.3b 

\ / 
/ \ 

Cp2Ti- -RJl(COD) 

H H 

The acute Zr-C-C angle of 82.5 (6)° found in the structure 
of 1 is smaller than the Zr-C-C angle of 91 (1)° in 2. Both of 
these represent a roughly equivalent contraction of ~27° in the 
Zr-C-C angle (from the idealized 109° angle for the sp3 carbon 
in 1, and the idealized 120° angle for the sp2 carbon in 2). Acute 
M-C-C angles found in mononuclear complexes exhibiting agostic 
interactions with a C-H that is 0 to the metal include the Ti-C-C 
angle of 86.3 (6)° found48 in (Me2PCH2CH2PMe2)Cl3TiCH2CH3 
and the Co-C-C angle of 74.5 (2)° determined49 for [PO 
10IyI)3(C5Me5)CoCH2CH3J

+. Of more direct relevance to the 
zirconium complexes reported herein is the cationic zirconium 
complex [(C5H4CH3)2(PMe3)Zr(CH2CH3)]

+ reported by Jordan 
and co-workers,50 which exhibits a Zr-C-C angle of 84.7 (5)°. 
The Zr-H distance of 2.19 (2) A found for 1 is equal within 
experimental uncertainty to the Zr-H distance of 2.16 A found 
in [(C5H4CH3)2(PMe3)Zr(CH2CH3)]

+. The distance between 

S 
(47) Erker, G.; Fromberg, W.; Angermund, K.; Schlund, R.; Kruger, C. 

J. Chem. Soc., Chem. Commun. 1986, 372-374. 
(48) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.; Schultz, 

A. J.; Williams, J. M.; Koetzle, T. F. J. Chem. Soc, Dalton Trans. 1986, 
1629-1637. 

(49) Cracknel!, R. B.; Open, A. G.; Spencer, J. L. J. Chem. Soc., Chem. 
Commun. 1984, 326-328. 

(50) Jordan, R. F.; Bradley, P. K.; Baenziger, N. C; LaPointe, R. E. J. 
Am. Chem. Soc. 1990, 112, 1289-1291. 

Zr and the /3-carbon is smaller in 1 (2.549 (9) A) compared to 
that found in [(C5H4CH3)2(PMe3)Zr(CH2CH3)]

+ (2.629 (9) A). 
Despite these similarities in bond distances and angles, a notable 
difference in these two zirconocene complexes is the location of 
the agostic interaction relative to the other two ligands in the bent 
sandwich structure. While the agostic CH occupies a central site 
(between the Cl and CH2CH2Ru ligands) in 1, the agostic CH 
of the ethyl group in [(C5H4CH3)2(PMe3)Zr(CH2CH3)]

+ resides 
at the lateral site. 

The acute Zr-C-C angles and small distances between the Zr 
and the /3-carbon observed in the compounds discussed above are 
reminiscent of structural features that were observed earlier in 
Et3AIo-Cl(Cp)2ZrCH2CH2Zr(Cp)2Cl-AlEt3 (10), which was 
synthesized and structurally characterized by Kaminsky and 
co-workers.5' The Zr-C-C angle of 75.9° found in 10 is smaller 
than those found in any of the Zr complexes discussed above; the 
Zr-C0 bond (2.36 A) of 10 is longer than that found (2.276 (10) 
A) in 1, while the distance from Zr to the /3-carbon in 10 (2.49 
A) is shorter than that (2.549 (9) A) determined in 1. It is possible 
that one CH bond of each CH2 moiety in 10 is involved in an 
agostic interaction with a /3-Zr atom, thus causing the acute 
Zr-C-C angles. 

NMR Evidence for the Agostic Interaction in 1 and 2. Along 
with the structural data that provided evidence for the /3-CH 
agostic interaction in the solid state, an evaluation of diagnostic 
NMR and IR spectroscopic features indicates the presence of this 
interaction in solution. Erker and co-workers reported synthetic, 
spectroscopic, structural, and theoretical studies on mononuclear 
Cp2Zr(Cl)(alkenyl) complexes, several of which exhibit agostic 
interactions between Zr and a CH that is /3 to Zr.52 Their 
calculations indicate that both steric and electronic effects are 
responsible for the observation of agostic interactions. Comparison 
of 1H and 13C NMR data for a series of Cp2Zr(X)CR=CHR 
complexes enabled them to deduce spectroscopic features that 
distinguish those which exhibited /3-CH agostic interactions from 
those which had no agostic interaction.523 Diagnostic spectroscopic 
features that they noted for the ZrCnR=C(S(H)R moiety included 
low-field 1H NMR resonances for the agostic H, low-field 13C 
NMR resonance for Ca, and a large (~ 80-90 ppm) difference 
in 13C NMR resonances for Ca compared to C9. With use of their 
criteria,523 it is clear that the low-field 1H NMR resonance (<5 9.46) 
of the agostic CH of 2, as well as the 13C NMR chemical shifts 
of both of the bridging carbons in 2, is suggestive of an agostic 
interaction. 

A widely applied criterion8 for assignment of an agostic in
teraction is the diminished C-H coupling constant that results 
from the reduced C-H bond order in the three-center, two-electron 
agostic interaction. The 'yCH value of 110 Hz for the RuCH in 
2 and that of 111 Hz in 1 are indicative of agostic interactions, 
and are similar to those seen in other alkyl50 and alkenyl523 Zr 
complexes with /J-CH agostic interactions. The fact that the '7CH 
values are essentially the same in 2 and 1 reflects the fact that 
the observed value is a direct measure of '/CH in 2 but is an 
averaged value of rapidly exchanging terminal and agostic /3-CH2 
hydrogens in 1. 

Although a low 'yCH has been commonly used to identify agostic 
structures by NMR, there is some evidence that '7CH values from 
the a-CH can also be useful in cases where a /3-CH is suspected 
to be agostic. In their study of Cp*2ScEt (which is thought to 
have a /3-CH agostic interaction) and related compounds, Bercaw 
and co-workers suggested that "an abnormally large 13Ca.H cou
pling constant may signal a /3 agostic structure."53 While ad
ditional data from a larger set of compounds would be useful in 

(51) (a) Kaminsky, W.; Sinn, H. Justus Liebigs Ann. Chem. 1975, 
424-437. (b) Kaminsky, W.; Vollmer, H.-J. Justus Liebigs Ann. Chem. 1975, 
438-448. (c) Kaminsky, W.; Kopf, J.; Sinn, H.; Vollmer, H.-J. Angew. Chem., 
Int. Ed. Engl. 1976, 15, 629-630. 

(52) (a) Hyla-Kryspin, I.; Gleiter, R.; Kruger, C; Zwettler, R.; Erker, G. 
Organometallics 1990, 9, 517-523. (b) Erker, G.; Zwettler, R.; Kruger, C. 
Hyla-Kryspin, I.; Gleiter, R. Organometallics 1990, 9, 524-530. 

(53) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, 
M. C; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem. Soc. 
1987, 109, 203-219. 
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Figure 5. Resonance forms of 2-CO. 

determining the generality of this trend, our data are supportive 
of this pattern. The ]JCH = 157 Hz found for the ZrCT/ of 2 is 
significantly larger than the values of ]JCH = 115-131 Hz for 
several Cp2Zr(X)CR=CHR complexes that do not exhibit agostic 
interactions.52 Similarly, the '/CH = 145 Hz measured for the 
ZrCH of 1 exceeds the value expected in the absence of a /3-agostic 
interaction. Similar 1Zc0H values were also found in other early 
metal complexes exhibiting /3-agostic interactions, 
(Me2PCH2CH2PMe2)Cl3TiCH2CH3

48 and [(C5H4CH3)2-
(PMe3)Zr(CH2CH3)J

+.50 

A /3-hydride elimination reaction of 1 is readily observed54 under 
conditions where the initially formed mononuclear product 
Cp2Zr(H)Cl is trapped by alkynes or other reagents. This reaction 
results in reversion to the starting materials from which 1 was 
prepared, Cp(PMe3)2RuCH=CH2 and Cp2Zr(H)Cl. To the 
extent that the /3-agostic interaction provides a model for a point 
along the reaction coordinate for /3-hydride elimination, the 
structure of 1 should reflect partial C=C bond character. Ac
cordingly, the C-C length of 1.485 (14) A is shorter than an 
average organic C-C bond length26 of about 1.52 A. This partial 
C=C bond character would, in turn, account for the ' /CH being 
larger than expected. 

Comparison of Cp(PMe3)2RuCH==CHC(0)ZrClCp2 with Re
lated Complexes. Carbonylation of the dimetalloalkene complex 
2 gives the j?2-acyl complex 2-CO. While the formation of acyl 
complexes from carbonylation of metal-vinyl bonds is less common 
than the analogous reaction with metal-alkyl bonds, it has been 
previously observed for other zirconocene vinyl complexes. Erker 
and co-workers55 have recently reported the characterization of 
the »;2-acyl complex 11, which results from carbonylation of 
(MeC5H4)2Zr(Cl)(CH=CHSiMe3). The KC=O) band of 2-CO 
at 1443 cm"1 appears at a considerably lower frequency than that 
of 11 at 1511 cm"1, which is similar to those seen in other zir
conocene acyls." This and other spectroscopic and structural data 
suggest that zwitterionic resonance forms are essential contributors 
to the electronic structure of 2-CO. The zwitterionic resonance 
form shown in eq 3 is actually a composite representing three 
zwitterionic resonance forms shown along with the neutral reso
nance form in Figure 5. Grubbs and co-workers have reported56 

the structure of the enolate anion [Cp2Zr(»;2-OC=CH2)-
CH3]"Na+-2THF, 12. The acyl complex 11 is similar to the 
expected structure of the neutral resonance form of 2-CO, while 
the bonding of 12 closely mimics that proposed for the zwitterionic 
resonance form of 2-CO. Since excellent models for each of the 
two different types of resonance forms of our acyl complex have 
been structurally characterized, it presents an opportunity for 
detailed structural comparison (Figure 6, with the zwitterionic 
resonance form of 2-CO shown). The Zr-O bond length of 2-CO 
is very similar to that found in 12, and is much shorter than that 
in 11. The C-O and C(l)-C(2) bond lengths of 2-CO are in
termediate between analogous bond lengths in 11 and 12. The 
Ru-C(3) bond length is essentially equal to those found in two 
other complexes in which a combination of neutral and zwitterionic 

(34) Lemke, F. R.; Bullock, R. M. Manuscript in preparation. 
(55) Erker, G.; Schlund, R.; Kruger, C. Organometallics 1989, 8, 

2349-2355. 
(56) Ho, S. C. H.; Straus, D. A.; Armantrout, J.; Schaefer, W. P.; Grubbs, 

R. H. J. Am. Chem. Soc. 1984, 106, 2210-2211. 
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Figure 6. Comparison of the bond lengths of 2-CO (zwitterionic reso
nance form shown here) with bond lengths of two related zirconium 
complexes. 
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forms (and a Ru-C bond order between 1 and 2) are 
-the dimetalloalkyne 3 reported in this paper and the 
reported57 RuRe2 complex 13, which has a Ru-C bond 
1.986 (9) A. On the basis of the spectroscopic and 
data, we believe that both the neutral and zwitterionic 
forms of 2-CO contribute substantially to the overall 
structure. 
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Summary and Conclusion 
A series of Ru/Zr complexes have been prepared in which an 

electron-rich metal [Cp(PMe3)2Ru] is linked to an electron-de
ficient metal [Cp2ClZr] by C2 bridges in which the two carbons 
have formal bond orders of 3, 2, and 1. All three of these com
plexes, which contain RuC=CZr, RuCH=CHZr, and RuC-
H2CH2Zr moieties, have been fully characterized by spectroscopic 
measurements and single-crystal X-ray diffraction. This is the 
first homologous series in which two different metals linked by 
C2 bridges of all three bond orders have been synthesized and fully 
characterized. In the RuCH=CHZr and RuCH2CH2Zr com
plexes, spectroscopic and structural data indicate a /3-agostic 
interaction between the Zr center and the CH adjacent to Ru. 
The differences in electronic properties of the two metals lead to 
a substantial contribution from zwitterionic resonance forms in 
the »;2-acyl complex resulting from insertion of CO into the Zr-C 
bond of Cp(PMe3)2RuCH=CHZrClCp2. 

Experimental Section 
General Procedures. All manipulations of oxygen- or water-sensitive 

compounds were carried out under an atmosphere of argon by using 
Schlenk or vacuum-line techniques, or in a Vacuum Atmospheres drybox. 
Glassware was dried in a 120 0 C oven for several hours, or was flame-

(57) Bullock, R. M.; Ricci, J. S.; Szalda, D. J. J. Am. Chem. Soc. 1989, 
111, 2741-2743. 
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dried and cooled under vacuum immediately prior to use. 1H (300 MHz) 
and 13C NMR (75 MHz) spectra were recorded on a Bruker AM-300 
spectrometer. 13C NMR spectra were recorded in the presence of Cr-
(acac)3 (0.04-0.07 M). 'yCH coupling constants were obtained from 13C 
NMR spectra by using gated decoupling. The PMe3 resonances in these 
compounds do not appear as a simple first-order pattern in the NMR. 
In the 1H NMR, the PMe3 resonances appear as a A9XX'A'9 pattern; 
the appearance of these resonances in the 1H NMR is a "filled-in 
doublet", with the separation of the outer lines being equal to 2JfH + 
VPH.5! In the 13CI1H) NMR, the PMe3 resonance appears as a virtual 
triplet (designated as vt in the spectral assignments below); the observed 
coupling constant J is equal to './pc + 3/pc58 The 1H chemical shifts were 
referenced to the residual proton peak of the solvent: C4D5H, 6 7.15; 
CHDCl2, S 5.32; and CHD2CN, & 1.93. The 13C chemical shifts were 
referenced to the central peak of CD2Cl2 (i 53.8) or C6D5CD3 (CD3 at 
S 20.4). IR spectra were recorded on a Mattson Polaris FT-IR spec
trometer. Elemental analyses were carried out by Schwarzkopf Micro-
analytical Laboratory or by Galbraith Laboratory. 

Materials. THF was distilled from Na/benzophenone. Toluene and 
hexanes were stirred over concentrated H2SO4 until the H2SO4 remained 
colorless; these solvents were then distilled from Na/benzophenone and 
stored over [Cp2TiCl]2ZnCl2.

5' Dichloromethane was distilled from 
P2O5. Anhydrous diethyl ether was stored over [Cp2TiCl]2ZnCl2 and 
vacuum transferred immediately prior to use. Benzene-</6 was dried over 
NaK and stored over [Cp2TiCl]2ZnCl2. Dichloromethane-rf2 was dried 
over P2O5 and stored over CaH2. THF-^8 was dried and stored over 
NaK. Acetonitrile-d3 was dried over activated 3-A sieves and stored over 
Cp2Zr(Me)Cl. Cp2Zr(Me)Cl,60 Cp2Zr(D)Cl,'0'61 and Cp2Zr(NMe2J2

62 

were prepared according to literature procedures. [Cp2Zr(H)Cl]n was 
obtained from Aldrich and used as received, or prepared according to a 
literature procedure.61 Carbon monoxide (Matheson), (trimethylsilyl)-
acetylene (Fluka), propyne (Farchan), PMe3 (Stremj, Me3SnNMe2 

(Aldrich), and Cp2ZrCl2 (Boulder Scientific) were used as received. 
NH4PF6 (Aldrich) was dried at 100 8C under vacuum. KO1Bu (Aldrich) 
was purified by sublimation (120 0C, ICT4 mmHg). Cp(PMe3J2RuCl was 
prepared by a modification of previously reported procedures.63 Severe 
face rashes were recently reported64 to result from exposure to Cp-
(PMe3)2RuCl, so adequate precautions should be taken. 

[Cp(PMe3J2Ru=C=CH2J[PF6]. A complex originally thought65 to be 
[Cp(PMe3)2Ru=C=CH2] [PF6] was later determined6 to be the T?2-
acetylene isomer [Cp(PMe3)2Ru(7j2-HC=CHJ] [PF6]. The following 
procedure is a convenient preparation of authentic [Cp(PMe3J2Ru= 
C=CH2][PF6]. MeOH (40 mL) was added by vacuum transfer to a 
flask charged with Cp(PMe3)2RuCl (810 mg, 2.29 mmol) and NH4PF6 

(3.29 g, 20.2 mmol). After the solids had dissolved, Me3SiC=CH (1.29 
mL, 9.16 mmol) was added by syringe. The reaction was stirred for 1 
h, during which time a yellow precipitate formed. The slurry was con
centrated, and the yellow solid was isolated by filtration (in the air). The 
yellow solid was washed with H2O, MeOH, and Et2O and then dried 
under vacuum to give a bright yellow solid (920 mg, 82%). Typical yields 
were 70-85%. 1H NMR (CD3CN): i 5.43 (s, 5 H, Cp), 3.78 (t, *Jfli 

= 2.4 Hz, 2 H, CH2), 1.57 (filled-in doublet, VPH + VPH = 10.4 Hz, 18 
H, PMe3).

 13C NMR (CD3CN, 0.05 M Cr(acac)3): S 343.7 (t, 1JK = 
16 Hz, Ru=C), 92.7 (t, 1 ^ H = '63 Hz, CH2), 92.0 (d, VCH = 179 Hz, 
Cp), 22.3 (q of vt, 'yCH = 132 Hz, *JK + Vp0 = 37 Hz, PMe3). IR 
(CH2Cl2): KC=C) 1633 cm-'. Anal. Calcd for C13H25F6P3Ru: C, 
31.91; H, 5.16. Found: C, 31.94; H, 5.26. 

[Cp(PMe3)2Ru=C=C(H)MeIPF6]. This complex was prepared by 
a minor modification of the literature procedure.65 In analogy to the 
preparation of [Cp(PMe3)2Ru=C=CH2] [PF6] described above, 
MeC=CH was bubbled through a MeOH solution containing Cp-
(PMe3)2RuCl and NH4PF6 for 1 h, followed by stirring of the solution 
under a MeC=CH atmosphere overnight. Workup as described above 
produced an orange-yellow solid (yield 75-95%). 1H NMR (CD3CN): 

(58) For a more complete discussion of the NMR patterns observed for 
cis phosphines, see the following and references cited therein: (a) Redfield, 
D. A.; Nelson, J. H.; Cary, L. W. lnorg. Nucl. Chem. Lett. 1974,10,727-733. 
(b) Redfield, D. A.; Cary, L. W.; Nelson, J. H. Inorg. Chem. 1975,14, 50-59. 

(59) Sekutowski, D. G.; Stucky, G. D. lnorg. Chem. 1975, 9, 2192-2199. 
(60) Wailes, P. C; Weigold, H.; Bell, A. P. J. Organomet. Chem. 1971, 

33, 181-188. 
(61) Buchwald, S. L.; LaMaire, S. J.; Nielsen, R. B.; Watson, B. T.; King, 

S. M. Tetrahedron Lett. 1987, 28, 3895-3898. 
(62) Chandra, G.; Lappert, M. F. J. Chem. Soc. A 1968, 1940-1945. 
(63) (a) Treichel, P. M.; Komar, D. A. Synth. React, lnorg. Met.-Org. 

Chem. 1980, 10, 205-218. (b) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; 
White, A. H. J. Chem. Soc., Dalton Trans. 1981, 1398-1405. 

(64) Selegue, J. P.; Koutantonis, G. A/, Lomprey, J. R. Chem. Eng. News 
1991, 69, 2. 

(65) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. J. Chem. 
Soc., Dalton Trans. 1982, 2203-2207. 

S 5.41 (s, 5 H, Cp), 4.31 (qt, V„„ = 7.5 Hz, *Jm = 2.2 Hz, 1 H, CH), 
1.77 (dt, VHH = 7.5 Hz, VpH = 0.7 Hz, 3 H, Me), 1.55 (filled-in doublet, 
VPH + VPH = 10.3 Hz, 18 H, PMe3).

 13C NMR (CD3CN, 0.05 M 
Cr(acac)3): S 347.6 (t, 2JK = 16 Hz, Ru=C), 103.3 (d, lJCH = 155 Hz, 
R u = C = Q , 91.7 (d, '/CH = 179 Hz, Cp), 22.9 (q of vt, 1 ^ H = 130 Hz, 
'•Jpc + 3 P̂C = 37 Hz, PMe3), 4.5 (q, 1JQ11 = 130 Hz, Me). 

Cp(PMe3)2RuC=CH. THF (25 mL) was added by vacuum transfer 
to a flask charged with [Cp(PMe3J2Ru=C=CH2][PF6] (1.462 g, 2.99 
mmol) and KOBu1 (0.370 g, 3.30 mmol) at -78 0C. The slurry was 
stirred at -78 0C for 1 h to give a green solution that turned yellow and 
formed a precipitate as it warmed to room temperature. (The reason for 
the transient green coloration is unknown, but it was reproducibly ob
served.) After an additional 1 h, the solution was evaporated to dryness. 
The yellow residue was extracted with hexanes and filtered. The yellow 
filtrate was evaporated, and the residue sublimed at 90 0C (<10 -4 

mmHg) to produce a bright yellow solid (0.912 g, 89%). Typical yields 
were 80-95%. 1H NMR (CD2Cl2): 8 4.61 (s, 5 H, Cp), 1.45 (filled-in 
doublet, VpH + VpH = 9.1 Hz, 18 H, PMe3), 1.39 (t, VPH = 2.6 Hz, 1 
H, CH). 13C NMR (CD2Cl2, 0.05 M Cr(acac)3): i 108.1 (dt, VCH = 
38 Hz, Vpc = 26 Hz, RuC), 91.0 (d, 'JCH = 221 Hz, CH), 80.8 (d, [JCH 

= 176 Hz, Cp), 23.0 (q of vt, lJCH = 129 Hz, 1Zp0 + Vpc = 30 Hz, 
PMe3). IR (KBr): KCH) 3266, HC=C) 1924 cm"1. IR (CH2Cl2): 
HCH) 3272, KC=C) 1921 cm"1. Anal. Calcd for C13H24P2Ru: C, 
45.47; H, 7.06. Found: C, 45.81; H, 7.16. 

Cp(PMe3J2RuC=CMe. Synthesis of this compound by phosphine 
exchange between PMe3 and Cp(PPh3J2RuC=CMe has been reported.65 

However, we have found the following procedure more reliable and 
convenient. Cp(PMe3J2RuC=CMe was prepared from [Cp-
(PMe3)2Ru=C=C(H)Me] [PF6] (864 mg, 1.72 mmol) and KO1Bu (212 
mg, 1.89 mmol) in THF as described above for Cp(PMe3J2RuC=CH. 
The product was obtained as a yellow solid after sublimation, with yields 
typically in the 75-85% range. 1H NMR (C6D6): 5 4.55 (s, 5 H, Cp), 
2.30 (t, VPH = 2.5 Hz, 3 H, CH3), 1.24 (filled-in doublet, VPH + VPH 

= 8.9 Hz, 18H1PMe3). 
Cp(PMe3J2RuC=CZrCICp2, 3. Method A: Amine Elimination. A 

mixture of Cp(PMe3J2RuO=CH (445 mg, 1.30 mmol), Cp2Zr(NMe2)2 

(185 mg, 0.66 mmol), Cp2ZrCl2 (191 mg, 0.65 mmol), and toluene (2 
mL) gave a yellow slurry that turned orange, and then red and homo
geneous, upon heating to 100 0C. Solution aliquots were periodically 
examined by 1H NMR to monitor the extent of reaction. After 5.5 days 
at 100 0C, the reaction was ~90% complete. Addition of hexane gave 
a precipitate that was isolated by filtration, washed with hexanes, and 
dried under vacuum to give an orange solid (436 mg, 56% yield, 98% pure 
by 1H NMR). A second crop from toluene/hexanes produced 237 mg 
(30%, 85% pure by 1H NMR). Analytically pure 3 was obtained from 
slow diffusion of Et2O into a toluene solution at -20 0C. 

Method B: Methane Elimination. A mixture of Cp(PMe3J2RuC=CH 
(251 mg, 0.73 mmol), Cp2Zr(CH3)Cl (199 mg, 0.73 mmol), and toluene 
(2 mL) gave a brown slurry that became a dark red homogeneous solu
tion when heated to 130 °C. The sample was periodically freeze-
pump-thawed degassed to remove the methane byproduct. Solution 
aliquots were examined by 1H NMR to check the extent of reaction. 
After 15 days at 130 0C, the solution was concentrated to initiate pre
cipitation. The precipitate was isolated by filtration, washed with hex
anes, and dried under vacuum to give an orange microcrystalline solid 
(114 mg, 26% yield, >90% pure by 1H NMR). A second crop from 
toluene/hexanes produced an orange solid of lower purity (129 mg, 59% 
pure). 1H NMR (CD2Cl2): S 6.22 (s, 10 H, ZrCp), 4.71 (s, 5 H, RuCp), 
1.46 (filled-in doublet, 2/PH + VPH = 9.1 Hz, 18 H, PMe3).

 13C NMR 
(CD2Cl2), 0.04 M Cr(acac)3): 5 190.4 (s, ZrC), 178.3 (t, 2Jp0 = 23 Hz, 
RuC), 111.7 (d, lJCH = 173 Hz, ZrCp), 81.9 (d, 'yCH = 174 Hz, RuCp), 
23.3 (q of vt, '7CH = 126 Hz, + 1Jf0 = 31 Hz, PMe3). IR: (KBr) 
HC=C) 1868 cm-'. IR(CH2Cl2): HC=C) 1872Cm"'. Anal. Calcd 
for C23H33ClP2RuZr: C, 46.10; H, 5.56. Found: C, 46.30; H, 5.48. 
Vis(THF): Xn,, 418 nm (e could not be reliably determined due to the 
extreme hydrolytic sensitivity of this complex). Crystals of 3 suitable for 
X-ray diffraction analysis were grown by slowly cooling a saturated 
toluene/hexane solution from 80 0C to room temperature. 

Cp(PMe3J2RuO=CSnMe3. Toluene (1 mL) was added to a flask 
containing Cp(PMe3J2RuC=CH (580 mg, 1.69 mmol) and excess 
Me3SnNMe2 (0.5 mL, 3.06 mmol). The solution was stirred for 4 days, 
after which time the 'H NMR spectrum indicated complete reaction. 
The volatiles were removed under vacuum to give a dark brown-yellow 
solid (760 mg, 89% yield). Sublimation at 80 0C (<10-* mmHg) gave 
an analytically pure yellow solid. 1H NMR (CD2Cl2): & 4.61 (s, 5 H, 
Cp), 1.45 (filled-in doublet, 2JPH + VPH = 9 Hz, 18 H, PMe3), 0.04 (s 
with '"''"Sn satellites, VSnH = 55, 58 Hz, 9 H, SnMe3). '3C NMR 
(C6D6,0.06 M Cr(acac)3): S 145.3 (t, 2JK = 24 Hz, RuC), 102.3 (s with 
'"•'"Sn satellites, VSnC = 586, 614 Hz, SnC), 81.1 (d, 'JCH = 174 Hz, 
Cp), 22.9 (q of vt, lJCH = 126 Hz, 'Jf0 + Vpc = 30 Hz, PMe3), -6.85 
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(q with '"'"9Sn satellites, 1Z0H = 127 Hz, 'ySnH = 369, 386 Hz, SnMe3). 
IR(KBr): KC=C) 1919 cm"1. Anal. Calcd for Ci6H32P2RuSn: C, 
37.96; H, 6.39. Found: C, 38.00; H, 6.34. 

Cp(PMe3J2RuCH=CHZrClCp2, 2. THF (25 mL) was added by 
vacuum transfer to a flask charged with Cp(PMe3J2RuC=CH (319 mg, 
0.93 mmol) and [Cp2Zr(H)Cl], (264 mg, 1.02 mmol) at -78 0C. The 
reaction was allowed to warm to room temperature and was stirred until 
the yellow slurry became red and nearly homogeneous (~2 h). The 
solution was Filtered and the filtrate concentrated until precipitation 
began. Et2O was added to complete the precipitation. The solid was 
collected by filtration, washed with Et2O and hexanes, and dried under 
vacuum to give a yellow solid (444 mg, 79% yield, 88% pure by 'H 
NMR). Typical yields ranged from 70% to 90%, with purities ranging 
from 80% to 90%. Analytically pure 2 was obtained from slow diffusion 
of Et2O into a concentrated toluene solution at -20 0C. 1H NMR 
(CD2Cl2): 8 9.46 (dt, VHH = 18.8 Hz, VPH = 4.3 Hz, 1 H, RuCH), 8.38 
(dt, 3/H„ = 18.8 Hz, VPH = 0.8 Hz, 1 H, ZrCH), 5.83 (s, 10 H, ZrCp), 
4.60 (s, 5 H, RuCp), 1.36 (filled-in doublet, 2Jm + VPH = 8.6 Hz, 18 
H, PMe3).

 13C NMR (CD2Cl2, 0.07 M Cr(acac)3): 8 198.7 (dt, '/CH 
= 157 Hz, 3JK = 4 Hz, ZrCH), 114.7 (dt, 1J011 = 110 Hz, Vp0 = 16 
Hz, RuCH), 109.8 (d, lJCH = 172 Hz, ZrCp), 81.3 (d, '/CH = 173 Hz, 
RuCp), 23.5 (q of vt, '7CH = 129 Hz, 1Zp0 +

 3Jf0 = 28 Hz, PMe3). IR 
(KBr): agostic KCH) broad band centered at 2590 cm"1, KC=C) 1476 
cm"1. Anal. Calcd for C23H35ClP2RuZr: C, 45.94; H, 5.88. Found: C, 
45.97; H, 5.89. Crystals of 2 suitable for X-ray diffraction were grown 
by slow cooling of a saturated THF solution from room temperature to 
-20 0C. 

Cp(PMe3J2RuCD=CHZrClCp2, 2-rf,. l-dx was synthesized from 
Cp(PMe3J2RuC=CH (79 mg, 0.23 mmol) and Cp2Zr(D)Cl (84 mg, 
0.26 mmol) as described for 2, in 90% yield (126 mg) with 85% purity 
(83% D). 1H NMR (CDjCl2)-. 8 8.38 (t, VHD = 2.7 Hz, 1 H, ZrCH), 
5.83 (s, 10 H, ZrCp), 4.60 (s, 5 H, RuCp), 1.36 (filled-in doublet, VPH 
+ VPH = 8.6 Hz, 18 H, PMe3). IR (KBr): agostic KCD) 1900, KC= 
C) 1465 cm-'. 

Cp(PMe3)2RuCH=CMeZrClCp2. Toluene (30 mL) was added by 
vacuum transfer to a flask containing Cp(PMe3J2RuC=CMe (497 mg, 
1.39 mmol) and [Cp2Zr(H)Cl]n (394 mg, 1.53 mmol) at -78 0C. After 
warming to room temperature, the yellow slurry was stirred overnight 
to give an orange homogeneous solution. The solvent was evaporated, 
and the residue was dissolved in THF and filtered. The THF filtrate was 
concentrated, and Et2O was added to initiate precipitation. The solid 
was collected by filtration, washed with Et2O and hexanes, and dried 
under vacuum to give a yellow solid (303 mg). A second crop from 
THF/hexanes produced 327 mg (73% total yield, 82% pure by 1H 
NMR). Typical yields ranged from 70% to 90% with purities >80%. 
Analytically pure material was obtained by crystallization from tolu-
ene/hexanes at -20 0C. 1H NMR (CD2Cl2): 8 8.28 (tq, 3JPH = 5.6 Hz, 
% H = 12 Hz, 1 H, RuCH), 5.76 (s, 10 H, ZrCp), 4.50 (s, 5 H, RuCp), 
2.26 (d, % H = 1-2 Hz, 3 H, ZrCMe), 1.41 (filled-in doublet, 2JrH + 
4JfH = 8.5 Hz, 18 H, PMe3).

 13C NMR (CD2Cl2, 0.05 M Cr(acac)3): 
8 203.6 (t, 3JfC = 4 Hz, ZrCMe), 109.7 (d, 'yCH = 172 Hz, ZrCp), 96.3 
(dt, '/<.„ = 116 Hz, 2JfC = 15 Hz, RuCH), 79.9 (d, '/CH = 175 Hz, 
RuCp), 25.7 (s, ZrCMe, '7CH obscured by PMe3 quartet), 24.0 (q of vt, 
VCH = 122 Hz, 'Jf0 +

 3Jf0 = 28 Hz, PMe3). IR (KBr): agostic KCH) 
2624 (br) cm"1. Anal. Calcd for C24H37ClP2RuZr: C, 46.85; H, 6.07. 
Found: C, 46.86; H, 6.12. 

Cp(PMe3)2RuCD=CMeZrCICp2. Cp(PMe3)2RuCD=CMeZrClCp2 
was prepared from Cp(PMe3J2RuC=CMe (140 mg, 0.39 mmol) and 
[Cp2Zr(D)Cl], (114 mg, 0.44 mmol) in THF as described for 2. This 
gave a yellow solid (168 mg, 70% yield, 90% purity, >95% D). 1H NMR 
(CD2Cl2): 8 5.76 (s, 10 H, ZrCp), 4.50 (s, 5 H, RuCp), 2.26 (s, 3 H, 
Me), 1.41 (filled-in doublet, 1Jn + VPH = 8.6 Hz, 18 H, PMe3). IR 
(KBr): agostic KCD) 1914 cm"'. 

Cp(PMe3J2RuCH=CH2. The ruthenium vinyl complex can be pre
pared by the hydrolysis of isolated 2 or, more conveniently, by the hy
drolysis of 2 prepared in situ. THF (25 mL) was added by vacuum 
transfer to a flask charged with Cp(PMe3J2RuC=CH (317 mg, 0.92 
mmol) and [Cp2Zr(H)Cl], (262 mg, 1.02 mmol). The yellow slurry was 
stirred for 2-3 h at room temperature until it became dark red and 
homogeneous. Excess H2O (25 nL, 1.39 mmol) was added by microliter 
syringe to give a yellow solution with a white precipitate. The reaction 
slurry was stirred for 45 min before the volatiles were evaporated under 
vacuum. The residue was extracted with hexanes. Removal of the 
volatiles from the hexane extract, followed by sublimation of the yellow 
residue at 45 0C (10-5 mmHg) gave a waxy yellow solid (186 mg, 58% 
yield). 1H NMR (CD2Cl2): 8 7.46 (ddt, 3 /H AHC = 181 Hz, VHAHI , = 
11.0 Hz, VPH = 8.2 Hz, 1 H, HA), 5.78 (ddt, 3V^H 8 = 11.0 Hz, 2Jn^. 
= 4.4 Hz, VPH = 2.4 Hz, 1 H, HB), 5.12 (ddt, VHAHC = 181 Hz, VHBHC 

= 4.4 Hz, VPH = 1.1 Hz, 1 H, Hc), 4.50 (s, 5 H, Cp), 1.35 (filled-in 
doublet, 2JfH + %H = 8.4 Hz, 18 H, PMe3).

 13C NMR (CD2Cl2, 0.04 

M Cr(acac)3): 8 160.7 (dt, 1J0n = 129 Hz, 2JK - 18 Hz, CH), 121.8 
(tt, '/CH = 149 Hz, 3JfC = 4 Hz, CH2), 81.7 (dt, 1J0H = 174 Hz, 2JK 
= 2 Hz, Cp), 22.7 (q of vt, lJCH = 124 Hz, 1Jf0 +

 3Jf0 = 28 Hz, PMe3). 
IR(KBr): KC=C) 1531 cm"'. Anal. Calcd for C13H26P2Ru-. C, 45.20; 
H, 7.60. Found: C, 45.89; H, 7.51. 

HA H8 

Ru H0 

Cp(PMe3)2RuCH=CH2 can also be prepared from the alcoholysis of 
2. A NMR sample of 2 in C6D6 was treated with 1 equiv of ROH (R 
= Me, Et). The orange solution immediately turned yellow. 1H NMR 
confirmed the quantitative formation of Cp(PMe3J2RuCH=CH2 and 
Cp2Zr(OR)Cl (R = Me, Et). However, in preparative reactions, Cp-
(PMe3)2RuCH=CH2 and Cp2Zr(OR)Cl could not be separated due to 
similar solubility and sublimation properties. 

Cp(PMe3J2RuCD=CH2. Cp(PMe3J2RuCD=CH2 was prepared by 
the hydrolysis of 2-rf, which was prepared in situ from Cp-
(PMe3J2RuC=CH (128 mg, 0.37 mmol) and [Cp2Zr(D)Cl], (108 mg, 
0.42 mmol), as described for Cp(PMe3)2RuCH=CH2, in 65% yield (83 
mg) and 91% D. 1H NMR (CD2Cl2): 8 5.81 (br m, 1 H, H8), 5.17 (br 
m, 1 H, Hc), 4.53 (s, 5 H, Cp), 1.34 (filled-in doublet, 2JTH + VPH = 
8.4 Hz, 18 H, PMe3). 

Cp(PMe3)2RuCH2CH2ZrClCp2, 1. THF (25 mL) was added by 
vacuum transfer to a flask charged with Cp(PMe3J2RuCH=CH2 (396 
mg, 1.15 mmol) and [Cp2Zr(H)Cl], (325 mg, 1.26 mmol). The yellow 
slurry was stirred for 2-3 h until it became red and homogeneous. The 
THF solution was filtered and concentrated, and then Et2O was added 
to initiate precipitation. The precipitate was collected by filtration, 
washed with Et2O and hexanes, and dried under vacuum to give an 
orange solid (492 mg, 71% yield, 89% purity by 1H NMR). Slow dif
fusion of hexanes into a concentrated toluene solution produced analyt
ically pure 1. 1H NMR (CD2Cl2): S 5.76 (s, 10 H, ZrCp), 4.40 (s, 5 
H, RuCp), 1.56 (m, 2 H, ZrCH2), 1.40 (filled-in doublet, 2Jm + *Jm 
= 8.5 Hz, 18 H, PMe3), -0.29 (m, 2 H, RuCH2).

 1H NMR (C6D6): 8 
5.76 (s, 10 H, ZrCp), 4.30 (s, 5 H, RuCp), 1.39 (m, 2 H, ZrCH2), 1.16 
(filled-in doublet, 2Jm + VPH = 8.4 Hz, 18 H, PMe3), -0.05 (m, 2 H, 
RuCH2).

 13C[1HI NMR (CD2Cl2,0.05 M Cr(acac)3): 8 106.9 (s, ZrCp), 
79.3 (s, RuCp), 22.6 (vt, 1Jp0 +

 3Jp0 = 26 Hz, PMe3), -36.3 (t, JK = 
8 Hz, RuCH2). The ZrCH2 resonance was obscured by the solvent 
resonance in CD2Cl2 but was observed in toluene-rfg.

 13C NMR (tolu-
ene-dg at 220 K, 0.06 M Cr(acac)3): 8 107.7 (d, lJCH = 172 Hz, ZrCp), 
80.0 (d, VCH = 174 Hz, RuCp), 53.9 (br t, 1J0n = 145 Hz, ZrCH2), 
PMe3 resonance was obscured by CD3 resonance of solvent, -34.5 (t, '/CH 
= 111 Hz, JK not well-resolved, RuCH2). IR(KBr): Kagostic CH) 
2743 cm'1. UV-vis (toluene): Xm„ 342 nm (e = 7.1 X 103 M"1 cm"1), 
422 (t = 3.6 X 103). Anal. Calcd for C23H37ClP2RuZr: C, 45.79; H, 
6.19. Found: C, 45.37; H, 6.27. Crystals of 1 suitable for X-ray dif
fraction analysis were grown by cooling a saturated toluene solution from 
room temperature to -20 0C. 

Cp(PMe3)2RuCHDCH2ZrClCp2,1-rf,. \-dx was prepared from Cp-
(PMe3)2RuCH=CH2 (143 mg, 0.41 mmol) and [Cp2Zr(D)Cl], (150 
mg, 0.46 mmol) in THF as described for 1. This gave an orange solid 
(187 mg, 75% yield, 80% purity, and 80% D). 1-rf, can be similarly 
prepared from Cp(PMe3)2RuCD=CH2 and [Cp2Zr(H)Cl],. 1H NMR 
(C6D6): 8 5.76 (s, 10 H, ZrCp), 4.30 (s, 5 H, RuCp), 1.39 (m, 2 H, 
ZrCH2), 1.16 (filled-in doublet, 2JPH + VPH = 8.4 Hz, 18 H, PMe3), 
-0.04 (m, 1 H, RuCHD). IR (KBr): Kagostic CD) 2031 cm"1. 

Cp(PMe3J2RuCD2CH2ZrClCp2, l-rf2. W 2 was prepared from Cp-
(PMe3J2RuCD=CH2 (43 mg, 0.12 mmol) and [Cp2Zr(D)Cl], (35 mg, 
0.14 mmol) in THF as described for 1. This gave an orange solid (39 
mg, 54% yield, 94% purity, and 98% D). 1H NMR (C6D6): 8 5.76 (s, 
10 H, ZrCp), 4.30 (s, 5 H, RuCp), 1.39 (br s, 2 H, ZrCH2), 1.17 
(filled-in doublet, 2JrH + VPH = 8.3 Hz, 18 H, PMe3). IR (KBr): 
Kagostic CD) 2031 cm"1. 

Cp(PMe3J2RuCH=CHC(O)ZrOCp2̂ -CO. A solution of 2 (331 mg, 
0.55 mmol) in THF (10 mL) was charged with CO (1 atm). The solu
tion was stirred overnight, and turned from red-orange to light orange. 
An aliquot of the solution was checked by 1H NMR to ensure that the 
reaction was complete. After filtering through Celite, the THF solution 
was concentrated, and hexane was added to initiate precipitation. The 
precipitate was isolated, washed with hexane, and dried under vacuum 
to give a yellow solid (258 mg, 75% yield, >97% purity by 1H NMR). 
Analytically pure crystals were obtained from vapor diffusion of Et2O 
into a concentrated THF solution at room temperature. 1H NMR 
(CD2Cl2): 8 11.70 (dt, VHH = 15.8 Hz, VPH = 8.6 Hz, 1 H, RuCH), 
7.83 (dt, 3/HH = 15.8 Hz, VP„ = 0.7 Hz, 1 H, RuC=CW), 5.79 (s, 10 
H, ZrCp), 4.92 (s, 5 H, RuCp), 1.50 (filled-in doublet, 2JTH + *JrH = 
8.8 Hz, 18 H, PMe3).

 13C NMR (CD2Cl2, 0.06 M Cr(acac)3): 8 267.5 
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(s, CO), 246.5 (br d, V0H = 131 Hz, RuCH), 142.5 (d, ]JCH = 151 Hz, 
RuC=CH), 108.3 (d, '7CH = 173 Hz, ZrCp), 85.1 (d, 'yCH = 175 Hz, 
RuCp), 22.7 (q of vt, ' /CH = '22 Hz, lJK + Vpc = 30 Hz, PMe3). IR 
(KBr): e(CO) 1443 cm"1, band at 1212 cm"1 tentatively assigned as 
v(C=C) of Zr—C=C (see zwitterionic resonance form). Anal. Calcd 
for C24H35ClOP2RuZr: C, 45.81; H, 5.62. Found: C, 45.61; H, 5.68. 
Crystals suitable for X-ray diffraction were grown by vapor diffusion of 
Et2O into a THF solution at room temperature. 

Cp(PMe3)2RuCH=CMeC(0)ZrClCp2. A solution of Cp-
(PMe3)2RuCH=CMeZrClCp2 (185 mg, 0.30 mmol) in CH2CI2 (10 mL) 
was stirred under CO (1 atm). Aliquots were examined by 1H NMR to 
check the extent of reaction. After 10 days, the excess CO and other 
volatiles were removed under vacuum. The residue was dissolved in THF 
and worked up as described for 2-CO to give a yellow solid (154 mg, 80% 
yield, >95% purity by 1H NMR). Analytically pure crystals were ob
tained by vapor diffusion of Et2O into a concentrated THF solution at 
room temperature. 1H NMR (CD2Cl2): «11.32 (t, VPH = 11.0 Hz, 1 
H, RuCH), 5.79 (s, 10 H, ZrCp), 4.86 (s, 5 H, RuCp), 2.09 (br s, 3 H, 
Me), 1.51 (filled-in doublet, VPH + VPH = 8.6 Hz, 18 H, PMe3).

 13C 
NMR (CD2Cl2, 0.04 M Cr(acac)3): S 269.3 (s, CO), 242.6 (br d, 'JCH 
= 135 Hz, RuCH), 150.1 (s, CMe), 108.7 (d, >yCH = 173 Hz, ZrCp), 
82.7 (d, >yCH = 175 Hz, RuCp), 23.0 (q of vt, 1 ^ H = 126 Hz, 'JK + 
Vpc = 30 Hz, PMe3), 19.3 (q, ]JCH = 142 Hz, CMe). IR (KBr): 
V(C=C) 1446, K(CO) 1400 cm"1, band at 1209 cm"1 tentatively assigned 
as 1/(C=C) of Zr—C=C (see zwitterionic resonance form). Anal. 
Calcd for C25H37CIOP2RuZr: C, 46.67; H, 5.81. Found: C, 46.61; H, 
5.63. 

Competitive CO Insertion into Cp(PMe3)2RuCH=CHZrClCpj and 
Cp(PMe3)2RuCH=CMeZrCICp2. In an NMR tube, Cp-
(PMe3)2RuCH=CHZrClCp2 (~5 mg) in CD2Cl2 was placed under an 
atmosphere of CO. The reaction was ~70% complete in 30 min as 
determined by 1H NMR. In a similar reaction, the reaction of Cp-
(PMe3)2RuCH=CMeZrClCp2 (10 mg) in CD2Cl2 under CO (1 atm) 
was ~70% complete in 22 h. A competition experiment directly deter
mined the relative rates at which these two dimetalloalkenes react with 
CO. A 5-mm NMR tube was charged with Cp(PMe3)2RuCH= 
CHZrClCp2 (4.4 mg), Cp(PMe?)2RuCH=CMeZrClCp2 (10.2 mg), 
l,4-bis(trimethylsilyl)benzene (internal integration standard), and 
CD2Cl2 (0.5 mL) to give a Cp(PMe3)2RuCH=CMeZrClCp2:Cp-
(PMe3)2RuCH=CHZrClCp2 ratio of 2.78 as determined by 1H NMR. 
The CD2Cl2 solution was frozen in liquid N2, and CO (1 equiv based on 
Cp(PMe3)2RuCH=CHCZrClCp2) was added to the evacuated tube. 
After 3 days, the relative peak heights of the ZrCp resonances of Cp-
(PMe3)2RuCH=CHC(0)ZrC!Cp2:Cp(PMe3)2RuCH=CMeC(0)-
ZrClCp2 was 36:1, indicating a kinetic preference of —102:1 for the 
insertion of CO into the Zr-C bond of the unsubstituted dimetalloalkene 
Cp(PMe3J2RuCH=CHZrClCp2 over the methylated dimetalloalkene 
Cp(PMe3)2RuCH=CMeZrClCp2. 

Collection and Reduction of X-ray Data. In each case, the crystal was 
coated with petroleum jelly and mounted in a glass capillary. An initial 
X-ray study was performed at room temperature to determine crystal 
quality and to identify the crystal system. The crystals were then cooled 
to 200 K for the collection of intensity data. 

1 crystallizes as yellow-orange prisms. A crystal of dimensions 0.13 
X 0.17 X 0.28 mm was used for the X-ray study. (A preliminary report 
of the structure of this compound has been published.5) The diffraction 
data indicated monoclinic symmetry with systematic absences OkO, k = 
In + 1, and AO/, h + I = In + 1, consistent with the space group P2x/n 
(a nonstandard setting of FlJc).66' 

2 crystallizes as yellow prisms. A crystal of dimensions 0.20 x 0.20 
X 0.57 mm was used for the X-ray study. The diffraction data indicated 
orthorhombic symmetry with systematic absences AO/, / = In + 1, and 
hkO, h + k = In + 1, consistent with space groups Plxcn and Pmcn (a 
nonstandard setting of Pnma).66* 

3 crystallizes as orange-red prisms. A crystal of dimensions 0.40 X 
0.40 X 0.10 mm was used for the X-ray study. The diffraction data 
reflected monoclinic symmetry with systematic absences OkO, k = In + 
1, consistent with space groups Plx and P2]/m.6<x 

2-CO crystallizes as orange prisms. A crystal of dimensions 0.20 x 
0.22 x 0.40 mm was used for the X-ray study. The diffraction data 
reflected orthorhombic symmetry with systematic absences OkI, k + I = 
2n + 1, and HkO, k - In + 1, consistent with space groups Pn2xb and 
Pnmb (a nonstandard setting of Prima).66* 

(66) International Tables for X-Ray Crystallography, 3rd ed.; Kynoch 
Press: Birmingham, England, 1969; (a) Vol. I, p 99; (b) Vol. I, p 151; (c) 
Vol. I, p 93; (d) Vol. IV, pp 99-101 and 149-150. 

For 2 and 2-CO, the solution and refinement of the structures indi
cated the centrosymmetric space group as the correct choice so the crystal 
parameters and intensity data were transformed to the standard setting, 
Pnma, and all data reported here for 2 and 2-CO refer to the setting 
Pnma unless otherwise noted. 

Crystal data is given in Table I, and additional details of the data 
collection and reduction are provided in Table Sl (supplementary ma
terial). 

Determination and Refinement of toe Structures. 1, 2, and 2-CO were 
solved by the calculation of a Patterson map67 to determine the location 
of the ruthenium atoms followed by a series of difference Fourier maps 
to locate the remaining non-hydrogen atoms. All the hydrogen atoms 
for 1, 2, and 2-CO were placed at calculated positions (C-H = 0.95 A) 
and allowed67 to "ride" on the atom to which they were attached, except 
for the hydrogen atoms on the bridging CH2CH2 group in 1, which were 
located on a difference Fourier map before the final cycles of least-
squares refinement67 and fixed at those positions. Hydrogen atoms were 
not included in the refinement of 3. 

In 2 and 2-CO, the Ru, Zr, Cl, and the atoms of the bridging ligands 
are situated on the crystallographic mirror plane. Anisotropic thermal 
parameters were used for all non-hydrogen atoms except for the cyclo-
pentadienyl ligand on the ruthenium in 2 and 2-CO and two of the three 
cyclopentadienyl ligands and two of the three methyl groups on the 
trimethylphosphine in 3, which were disordered over two sites. This 
disordered model was refined with isotropic thermal parameters assuming 
a 50:50 disordering over the two sites. 

The structure of 3 was solved by direct methods in space group Plx/m. 
For this compound, the initial solution and refinement of the structure, 
with the Ru, Zr, C(I), and C(2) situated on the crystallographic mirror 
plane and the other ligands disordered by the crystallographic mirror 
plane, resulted in unsatisfactory thermal ellipsoids and bond distances. 
Several models were tried to improve the structure, and the one that gave 
the best results is reported here, with the Ru atom disordered about the 
crystallographic mirror plane. The Zr atom, C(I), and C(2) are so close 
to the mirror plane that they had to be fixed on the mirror during re
finement. The increase in the Zr-Cl bond length of 2.652 (6) A observed 
in 3 (compared to Zr-Cl distances of 2.583 (5) A in 2 and 2.579 (3) A 
in 1) is probably a result of fixing the Zr to the mirror plane, and is not 
considered to be significant. 

A common isotropic thermal parameter was refined for all the hy
drogen atoms for 1, 2, and 2-CO. (U = 0.063 (7) A2 for 1,U = OM (2) 
A2 for 2, and U = 0.08 (I)A2 for 2-CO.) The quantity S>(|F0| - |F?|)

2 

was minimized during the least-squares refinement using absorption 
corrected data and neutral atom scattering factors66"1 and corrections for 
anomalous dispersion effects.66"1 For 3, the data were also scaled68 to 
correct for a decay (~ 15%, see supplementary material) of the crystal 
during data collection. Selected interatomic distances and angles are 
listed in Table II. 

Additional crystallographic information is provided in Tables S1-S20 
(supplementary material). 
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