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The metallatricyclic ($-f0rmaldehyde)zirconocene dimer 10 reacts with metal carbonyl complexes L,M(CO) 
4 [L,M = MO(CO)~, W(CO),, CpCo(CO), CpRh(CO), CPV(CO)~, (C,F&Pt(CO)] to give the metallatricyclic 
zirconoxycarbene complexes CpzZr(p-OCH2)ZrCp,(p-OCHzC[=MLn]O) 12a-f in good yield. In each case, 

only one of the two Cp2ZrOCH2 metallaoxirane units of 10 can be reacted with the [M]-C=O functionality. 
Under equilibrium conditions, the oxygen atom in the five-membered metallacycle adjacent to the CH2 
group bridges the zirconium center of the Cp2ZrOCHz structural subunit. In the photochemical-assisted 
W(CO)6 addition to [CpzZr(p-OCHz)]z, a mixture of regioisomeric zirconoxycarbene complexes 12b and 
16 is formed under kinetic control. In 16, an oxonium type oxygen atom is adjacent to the carbene carbon 
center. The metallatricyclic zirconoxycarbene rhodium complex CpzZr(p-OCH2)ZrCpz(p-OCH2C- 

[=RhCp(CO)]O) (12d) was characterized by X-ray diffraction. Complex 12d crystallizes in space grou 

= 0.051, and R,(F:) = 0.083. The Rh=C(carbene) bond is rather short at 1.930 (5) A. 
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P2Jn with cell parameter a = 11.537 (2) A, b = 26.442 (5) A, c = 12.249 (2) A, @ = 92.00 (2)O, Z = 4, R(F, P ) 

Introduction 
Heteroatom-stabilized transition-metal carbene com- 

plexes have found many uses as stoichiometric reagents 
or as catalysts for the transformation of organic substrates.' 
Many of these electrophilic carbene complexes can easily 
be prepared from metal carbonyls by employing E. 0. 
Fischer's synthesis, i.e., by adding a nucleophile to the 
carbonyl carbon atom of the [MI-CEO moiety followed 
by electrophilic O-alkylation.2 We have introduced an 
essentially nonnucleophilic alternative for the [ M1-C- 
to [MI-carbene interconversion that is often applicable 
in cases where the conventional carbene complex synthesis 
meets its limits. Here, very reactive metal (q2-olefin) type 
complexes, especially of the early transition-metal elements 
or actinides, add to the [M]-C=O unit to give an unstable 
CO-bridged bimetallic intermediate (11, which rapidly 
undergoes electrocyclic ring closure to directly give a 
metallacyclic metal oxycarbene complex (2) . 3  

[MI- 1 1  r ,\ 
+ - [ [ M I  [Mol ] - [Mia 

OGC-[M'l )+c' LM'I 

1 2 

(1) See, e.g.: Casey, C. P. In Transition Metal Organometallics in 
Organic Synthesis, Alper, H., Ed.; Academic Press: New York, 1976; Vol. 
1, p 190. Brown, F. J. Progr. Inorg. Chem. 1980, 27, 1. Dotz, K. H. 
Angew. Chem. 1984,96,573; Angew. Chem., Int.  Ed. Engl. 1984,23,587. 

(2) Fischer, E. 0.; Maasbol, A. Angew. Chem. 1964, 76,645; Angew. 
Chem., Int.  Ed. Engl. 1964, 3, 880; Chem. Ber. 1967, 100, 2445; Ado. 
Organomet. Chem. 1976, 14, 1. 
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We originally employed conjugated diene group 4 me- 
tallocene complexes as reagents for this nonnucleophilic 
carbene complex ~ynthes is .~  In addition, we have shown 
that thermally generated (q2-aryneltitanocene or -zirco- 
nocene species as well as ( ~ ~ - b u t a d i e n e ) T h C p * ~  can be 
used.5 Mashima et  a1.6 have reacted (q'-ethylene)TiCp*; 
with several metal carbonyls to synthesize metal carbene 
complexes. Thiele et  al. have employed the related ($- 
CH2=CH2)- and (q2-CH=CH)MCpz (M = Ti, Zr, Hf) 
complexes for this purpose.* Up to now, neither E. 0. 

(3) Reviews: Erker, G. In Organometallics in Organic Synthesis; de 
Meijere, A., tom Dieck, H., Eds.; Springer Verlag: Berlin, Heidelberg, 
1987; p 143. Erker, G. Polyhedron 1988,7,2451. Erker, G .  Angew. Chem. 
1989,101,411. Erker, G.; Sosna, F.; Hoffmann, U. J. Organomet. Chem. 
1989, 372, 41. Erker, G.; Aulbach, M.; Mena, M.; Pfaff, R.; Sosna, F. 
Chem. Scr. 1989,29, 451. 

(4) (a) Rh: Erker, G.; Lecht, R.; Tsay, Y.-H.; Kruger, C. Chem. Ber. 
1987,120,1763. (b) Co: Erker, G.; Lecht, R.; Petenen, J. L.; Bonnemann, 
H. Organometallics 1987,6,1962. Erker, G.; Lecht, R.; Kruger, C.; Tsay, 
Y.-H.; Bonnemann, H. J. Organomet. Chem. 1987,326, C75. (c) Cr, Mo, 
W Erker, G.; Dorf, U.; Benn, R.; Reinhardt, R.-D.; Petersen, J. L. J. Am. 
Chem. SOC. 1984,106,7649. Erker, G.;  Dorf, U.; Kruger, C.; Tsay, Y.-H. 
Organometallics 1987, 6,680. Erker, G.; Lecht, R.; Sosna, F.; Uhl, S.; 
Tsay, Y.-H.; Kruger, C.; Grondey, H.; Benn, R. Chem. Ber. 1988, 122, 
1069. (d) V: Erker, G.; Lecht, R.; Schlund, R.; Angermund, K.; Kruger, 
C. Angew. Chem. 1987,99,708; Angew. Chem., Int. Ed. Engl. 1987,26, 
666. (e) Fe: Erker, G.; Lecht, R. J. Organomet. Chem. 1986,311,45. (9) 
See also: Erker, G.; Muhlenbernd, T.; Benn, R.; Rufinska, A. Organo- 
metallics 1986, 5, 402. 

(5) Erker, G.; Dorf, U.; Mynott, R.; Tsay, Y.-H.; Kruger, C. Angew. 
Chem. 1985,97,572; Angew. Chem., Int. Ed. Engl. 1985,24,584. Erker, 
G.; Dorf, U.; Lecht, R.; Ashby, M. T.; Aulbach, M.; Schulund, R.; Kruger, 
C.; Mynott, R. Organometallics 1989,8, 2037. 

(6) Mashima, K.; Jyodoi, K.; Ohyoshi, A.; Takaya, H. J. Chem. SOC.,  
Chem. Commun. 1986, 1145; Organometallics 1987, 6, 885. 

(7) Cohen, S. A,; Auburn, P. R.; Bercaw, J. E. J. Am. Chem. SOC. 1983, 
105, 1136. 
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Fischer's nor our synthetic approach easily allows for the 
direct introduction of functional groups or suitable pre- 
cursors thereof into the reaction step that generates the 
carbene complex. Chemically useful functionalities are 
usually attached in subsequent reactions, such as ketone 
or aldehyde addition to our metallacyclic (r-ally1)- 
zirconoxycarbene complexes 5,  formed by (s-trans-q4-bu- 
tadiene)zirconocene addition to metal carbonyl complexe~.~ 

L,M - C - 0  

4 

O<R' 
RZ 

5 6 

1 .  ti20 1 
2 .  oxidat ion 

In principle, Fischer's nucleophilic carbene complex 
synthesis should allow for the direct introduction of syn- 
thetically useful CH,OR groups bound to the carbene 
carbon atom by employing either LiCH,0CH310 or a 
methanol dianion reagent." Unfortunately, both of these 
nucleophilic reagents are tedious to prepare and difficult 
to handle. The introduction of a carbene carbon bound 
CH,O[M] group in the course of the electrocyclic ring- 
closure step of our nonnucleophilic carbene complex syn- 
thesis would require an easily available, reactive (q2-CH20) 
early transition metal reagent to be added to a metal 
carbonyl complex. We have recently found a convenient 
synthetic route to (q2-formaldehyde)zirconocene.12 It  is 
formed in a two-step reaction sequence by hydro- 
zirconation of carbon monoxide to give 9,13 followed by 
treatment with 2 equiv of methyllithium to give Cp,Zr- 
(CH,), and (q2-CH,0)ZrCp2, isolated as a cyclodimer (10). 

8 9 

10 1 1  

(8) Beckhaus, R.; Thiele, K.-H. J. Organomet. Chem. 1989,368,315. 
(9) Erker, G.; Sosna, F.; Zwettler, R.; Kruger, C. Organometallics 1989, 

8, 450. Erker, G.; Sosna, F.; Zwettler, R.; Kruger, C. Z .  Anorg. Allg. 
Chem., in press. Erker, G.; Sosna, F.; Petersen, J. L.; Benn, R.; Grondey, 
H. Organometallics 1990,9, 2462. Erker, G.; Sosna, F.; Noe, R. Chem. 
Ber. 1990,123,821. Erker, G.; Sosna, F. Organometallics, in press. Erker, 
G.; Sosna, F.; Betz, P.; Werner, S.; Kruger, C. J .  Am. Chem. Soc., in press. 
Erker, G.; Sosna, F.; Pfaff, R.; Noe, R.; Sarter, C.; Kraft, A.; Kruger, C.; 
Zwettler, R. J .  Organomet. Chem.,  in press. 

(10) Schollkopf, U.; Kuppers, H.; Traenckner, H.-J.; Pitteroff, W. 
Liebigs Ann. Chem. 1967, 704,120. Still, W. C. J .  Am. Chem. SOC. 1978, 
100,  1481. Runge, F.; Taeger, E.; Fiedler, C.; Kahlert, E. J. Prakt. Chem. 
1963, 19, 37. 

(11) Seebach, D.; Meyer, N. Angew. Chem. 1976, 88, 484; Angew. 
Chem., Int. Ed. Engl. 1976, 15, 438. 

(12) Erker, G.; Hoffmann, U.; Betz, P.; Kruger, C. Angew. Chem. 1989, 
101, 644; Angew. Chem., Int. Ed. Engl. 1989, 28, 630. 

(13) Fachinetti, G.; Floriani, C.; Roselli, A.; Pucci, S. J. Chem. SOC., 
Chem. Commun. 1978,269. Gambarotta, S.; Floriani, C.; Chiesi-Villa, A,; 
Guastini, C.  J. Am. Chem. SOC. 1983, 105, 1690. 

Complex 10 has been found to exhibit a pronounced me- 
tallaoxirane character [X-ray crystallography d(Zr-CH,) 
= 2.243 (3) A; d(Zr-0) = 2.103 (2) A; d(O-CH2) = 1.395 
(4) A; angle Zr,C,O 65.9 (2)'; 13C NMR 6 = 64.0, ~ J c H  = 
153 Hz (CH,)]. With a variety of reagents, e.g., ketones, 
aldehydes, carbon dioxide, heterocumulenes, even with 
metal hydrides, complex 10 undergoes insertion into the 
zirconium-carbon bonds of the three-membered metalla- 
cycles to give ring-enlarged five-membered metallacyclic 
products.14 We have now found that the carbonyl ligand 
of a variety of metal carbonyl complexes L,MCrO reacts 
similarly with a CpzZrOCHz unit of 10 to give complexes 
containing the five-membered metallacyclic zircono- 
xycarbene complex with Cp2ZrOCH2C[=ML,]0 as a 
structural subunit. Several representative examples are 
described in this paper. 

Experimental Section 
All reactions were carried out in an argon atmosphere by using 

Schlenk type glassware or under purified nitrogen in a M. Braun 
glovebox. For other general conditions, including a list of spec- 
trometers used, see ref 9. Dimeric ($-forma1dehyde)zirconocene 
(10) was prepared as previously described.12 The metal carbonyl 
complex c ~ s - ( C ~ F , ) , P ~ ( C O ) ~  (4f) was synthesized according to a 
literature pr0~edure. l~ For 'H and 13C NMR data of the products 
obtained, see Tables IV and V, respectively. 

Reaction of  10 wi th  Mo(CO)@ A suspension containing 0.29 
g (0.58 mmol) of bis[ (q2-formaldehyde)zirconocene] (10) and 0.15 
g (0.58 mmol) of hexacarbonylmolybdenum in 30 mL of toluene 
is stirred a t  40 "C for 4 days. The resulting yellow precipitate 
is collected by filtration, washed with pentane (10 mL), and dried 
in vacuo. From the filtrate, a second portion of product is obtained 
upon concentration in vacuo and cooling to -30 "C. The combined 
yield of the zirconoxycarbene complex 12a is 0.40 g (go%), mp 
(DSC, exothermic) 134 "C dec. Anal. Calcd for CzsHZ4OeMoZr2 
(766.9): C, 43.85; H, 3.15. Found: C, 43.82; H, 3.03. IR (KBr): 
u(C0) 2060, 1983, 1895 cm-'. 

(q2-Formaldehyde)- 
zirconocene dimer 10 (380 mg, 0.76 mmol) and CpCo(CO), (360 
mg, 2.0 mmol) are stirred for 3 days in toluene (10 mL) a t  40 "C. 
The resulting clear red-brown solution is concentrated to a volume 
of ca. 2 mL. Upon cooling to -30 "C, red-brown crystals of 1212 
are obtained: 370 mg (81%), mp 160 "C dec. Anal. Calcd for 
C29H2900C~Zr2 (682.6): C, 51.00; H, 4.28. Found: C, 51.24; H, 
4.58. IR (KBr): u(C0) 1905 cm-'. 

Cyclopentadienyldi- 
carbonylrhodium (0.45 g, 2.01 mmol) is added dropwise to a 
suspension of 1.00 g (2.00 mmol) of 10 in 40 mL of toluene. 
Stirring is continued for 5 days a t  50 "C. A small amount of an 
unidentified black precipitate is filtered off and the resulting clear 
filtrate concentrated to about 20 mL. The  product 12d is pre- 
cipitated by adding 10 mL of pentane. The precipitate is collected 
by filtration, washed with pentane, and dried in vacuo. From the 
mother liquor, additional product is obtained upon cooling to -30 
"C: combined yield 1.05 g (73%), mp 138 "C (DSC, exothermic) 
dec. Anal. Calcd for C,gH290,Zr2Rh (726.9): C, 47.92; H,  4.02. 
Found: C, 47.84; H, 3.76. IR (KBr): u(C0) 1917 cm-'. Crystals 
suitable for an X-ray structure determination were obtained by 
recrystallization from benzene. 

- 
, 

Reaction of  10 wi th  CpCo(CO),. 

Reaction of 10 wi th  CpRh(CO),. 

X-ray Data  Collection and Structural  Analysis  of Cpz- 

Z~(P-OCH~)Z~C~,(P-OCH~C[=R~C~(CO)]O)~~C~H~ (12d). 
A rectangular red-orange crystal was sealed in a glass capillary 
tube under nitrogen. The sample was transferred to and then 
aligned optically on a Picker goniostat controlled by a Krisel 
Control diffractometer automation system. By use of a prelim- 
inary orientation matrix based upon an analysis of low-angle 
reflections, the orientation angles (w, x ,  and 28) for 20 higher order 

(14) Erker, G.; Hoffmann, U.; Zwettler, R.; Kriiger, C. J. Organomet. 

(15) Usbn, R.; ForniBs, J.; Tomis, M.; Menjbn, B. Organometallics 
Chem. 1989, 367, C15. 

1985, 4, 1912. 
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of the positional and anisotropic thermal parameters for the 48 
non-hydrogen atoms and isotropic temperature factors for the 
41 hydrogen atoms converged with final discrepancy indices of 
R(FJ = 0.055, R(F,2) = 0.051, and R,(F,2) = 0.083 with ul = 1.57 
for 5514 reflections with F,2 > u(F:). A final difference map was 
essentially featureless. 

The positional parameters from the final least-squares re- 
finement cycle are given in Table 11. Selected interatomic dis- 
tances and bond angles and their esd's for the non-hydrogen atoms 
of Cp2Zr(p-OCH2)ZrCp2(p-OCH2C[=RhCp(CO)]0) are provid- 
ed in Table 111. Tables of the thermal parameters, all of the bond 
distances and angles, the equations for pertinent least-squares 
planes and their dihedral angles, and the observed and calculated 
structure factors are available as supplementary material.23 

(q2-Formaldehyde)- 
zirconocene (10) (0.55 g, 1.09 mmol) and cyclopentadienyltetra- 
carbonylvanadium (0.25 g, 1.09 mmol) are suspended in 50 mL 
of toluene. The reaction mixture is heated in the dark for 10 days 
at  60 "C (alternatively, the reaction mixture may be thermolyzed 
for 5 days a t  50 "C with sunlight irradiation). The resulting red 
solution is concentrated until product begins to precipitate. 
Cooling to -30 "C yields 12e as an orange-red solid, which is 
collected by filtration, washed with pentane, and dried: yield 0.49 
g (80%), mp 198 "C (DSC, exothermic) dec. Anal. Calcd for 
C3,H,06VZr2 (731.0): c, 50.94; H, 4.00. Found: c, 51.02; H, 4.05. 
IR (KBr): u(C0) 1934,1809,1806 cm-'. 

Reaction of 10 w i t h  W(CO)6. (a) A mixture of 0.51 g (1.00 
mmol) of 10 and 0.36 g (1.00 mmol) of hexacarbonyltungsten in 
50 mL of toluene is stirred for 5 days a t  40 "C. The  resulting 
yellow-orange suspension is filtered. The obtained yellow solid 
is washed with pentane and dried in vacuo. After concentration 
of the mother liquor and cooling to -30 "C, a second fraction of 
the product 12b is obtained: combined yield 0.70 g (81%), mp 
136 "C (DSC, exothermic) dec. Anal. Calcd for C2,H2,08WZr2 
(854.8): C, 39.34; H, 2.83. Found: C, 39.06; H, 2.83. IR (KBr): 
u(C0) 2059, 1976, 1917, 1889 cm-'. (b) In 0.5 mL of tetra- 
hydrofuran-de, one suspends 47 mg (93 pmol) of 10 and 33 mg 
(93 pmol) of W(CO),. The reaction mixture is sealed in an NMR 
tube and irradiated with a sunlight lamp (Osram Ultra-Vitalux) 
for 1 h a t  60 "C. By lH/13C NMR spectroscopy, one observes 
the signals of the isomeric zirconoxycarbene complexes 12b and 
16 in a 1:l ratio. Upon thermolysis a t  60 "C for 1 h, complex 16 
completely rearranges to the thermodynamically favored isomer 
12b, as judged by 'H NMR spectroscopy in tetrahydrofurand& 

Reaction of 10 wi th  (C6F5)2Pt(C0)2. A mixture of 0.20 g (0.40 
mmol) of (T2-formaldehyde)zirconocene (10) and 0.26 g (0.44 
mmol) of bis(pentafluoropheny1)dicarbonylplatinum is dissolved 
in 40 mL of toluene and stirred for 30 min a t  room temperature. 
The volume of the resulting yellow solution is reduced in vacuo 
to ca. 20 mL, and then 10 mL of pentane is added. Cooling 
overnight a t  -30 "C produced 12f as a yellow solid that  was 
recovered by filtration: yield 0.28 g (64%), mp 174 "C dec. Anal. 
Calcd for C36H24F1004PtZr2 (1088.1): C, 39.74; H ,  2.22. Found: 
C, 40.05; H, 2.52. IR (toluene): u(C0) 2084 cm-'. Irradiation of 
a sample of 12f in toluene solution using a Pyrex-filtered H P K  
125 lamp produces a photostationary equilibrium of the isomeric 

. 

React ion  of 10 w i t h  CpV(CO),. 

Table I .  Crystallographic Data for t he  X-ray Diffraction 
Analysis of 

crystal system 
space group 
a,  A 
b, A 
c ,  A 
13, deg v, A3  
fw, amu 
d(calcd), g/cm3 
2 

A. Crystal Data 
monoclinic 

11.537 (2) 
26.442 (5) 
12.249 (2) 
92.00 (2) 
3734 (1) 
883.12 
1.57 
4 

E 1 / n  

p ,  cm-' 10.02 

B. Data Collection and Structural Analvsis 
crystal dimens, mm 
reflns sampled 
28 range for centered reflns 
scan rate 
scan width 
no. std reflns 
cryst decay 
total no. of measd reflns 
no. of unique data used 
agreement between equivalent data 

R," ( F") 
R,,(F,2) 

transmission coeffs 
D 
discrepancy indices (F,2 > u(F,2)) 

R ( F J  
R ( F 2 )  
R J F 3  
ff1 

no. of variables 
data-to-parameter ratio 

0.275 X Or225 X 0.500 
*hkl (5O 5 20 5 50") 
30" < 28 < 37" 
2 deg/min 
1.1 + 0.9 tan 0 
3 
0 
6932 
5514 (F,2 > u ( F 2 ) )  

0.016 
0.016 
0.766-0.813 
0.03 

0.055 
0.051 
0.083 
1.57 
549 
1O.O:l 

reflections were calculated. A least-squares fit of the optimized 
angles obtained by an automatic peak-centering routine provided 
the refined lattice parameters for the monoclinic unit cell (Table 
I). The systematic absences of {hOl), h + 2 = 2n+l ,  and (Ok01, 
k = 2n+l ,  are consistent with the space group P2,/n, a non- 
standard setting of space group P2,/c (No. 14, C 2 h 5 ) .  

Intensity data (*hkl) were measured with Zr-filtered Mo KCY 
X-ray radiation a t  a takeoff angle of 2". Each diffraction peak 
was measured by using a 8-28 scan. The  intensities of three 
standard reflections were measured every 90 min. The integrated 
intensity and its standard deviation for each reflection were 
calculated from the corresponding relationships I = w ( S / t ,  - B/tb) 
and u,(O = u(S/t ,2 + B/tb2)'i2, where S is the total scan count 
measured in time t ,  and B is the combined background count in 
time tb The diffraction data were corrected for absorption and 
Lorentz-polarization effects. The standard deviation of F; was 
calculated from u(F,2) = [ u , ( F , ~ ) ~  + (pF,2)]' /*.  Duplicate re- 
flections were averaged. Further information about the X-ray 
data collection procedure16 is given in Table I. 

Initial coordinates for the Rh and two Zr atoms were inter- 
polated from the first E map calculated by using preliminary 
phases determined by MULTAN78.17 Approximate coordinates for 
all of the remaining non-hydrogen atoms in this trinuclear complex 
were obtained from a Fourier synthesis based upon these three 
heavy atom positions. A subsequent difference Fourier summation 
further indicated the presence of two independent molecules of 
benzene in the crystallographic asymmetric unit. The hydrogens 
of the two oxymethylene groups were located on a difference 
Fourier map calculated by using low-angle data with sin 0/A < 
0.40 A-l, whereas coordinates for the idealized hydrogens of the 
five cyclopentadienyl and two benzene rings were calculated with 
the aid of MIRAGE.', Full-matrix refinement (based on F,2)19-22 

(16) Jones, S. B.; Petersen, J. L. Inorg. Chem. 1981, 20, 2889. 
(17) DeClerq, J. P.; Germain, D.; Main, P.; Woolfson, M. M. Acta 

(18) Calabrese, J. C. MIRAGE. Ph.D. Thesis (Appendix), University of 
Crystallogr., Sect. A 1973, A29, 231. 

Wisconsin-Madison, 1971. 

(19) The least-squares refinement of the X-ray diffraction data was 
based upon the minimization of wi lF2  - S2F,2l2, where wi is the individual 
weighting factor and S is the scale factor. The discrepancy indices were 
calculated from the expressions R(Fo) = x:'\Fol - IF 11/xlFo], R(Foz) = 
xlFo2 - F,21/XF:, and R,(F;) = [Zw,IFo - F:1j/xwiFo The 
standard deviation of an observation of unit weight, uI, equals [&IFO~ 
- F,21/(n - P ) ] " ~ ,  where n is the number of observations and p is  the 
number of parameters varied during the last refinement cycle. The 
scattering factors utilized in all of the structure factor calculations were 
those of Cromer and Mannzo for the non-hydrogen atoms and those of 
Stewart et aL2' for the hydrogen atoms with corrections for anomalous 
dispersion effects.22 

(20) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, A24, 
321. 

(21) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.  
1965, 42, 3175. 

(22) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970,53, 1891. 
(23) The computer programs that were used for the analysis of the 

X-ray diffraction data are described in: Nicholson, G .  A.; Petersen, J. 
L.; McCormick, B. J. Inorg. Chem. 1980, 19, 195. 
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Table 11. Positional Parameters for Cp2Zr(p-OCH~)ZrCp~(p-0CH~C[=RhC~(CO)IO) 2CbH6'' 

atom X Y z atom X Y z 
Rh -0.21602 (3) 0.34886 (1) 0.20414 (3) 
Zr 1 
Zr2 
01 
0 2  
0 3  
0 4  
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11  
c12 
C13 
C14 
C15 
C16 
Cl7 
C18 
c19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
BC1 
BC2 
BC3 
BC4 
BC5 
BC6 
BC7 
BC8 
BC9 

0.02299 (4) 
0.14706 (4) 
0.1756 (2) 

-0.0166 (2) 
0.0055 (3) 

-0.4124 (3) 
0.2165 (5) 

-0.1237 (4) 
-0.1031 (4) 
-0.3340 (5) 
-0.0983 (7) 
-0.1829 (8) 
-0.2842 (6) 
-0.2648 (8) 
-0.1474 (11) 
-0.1156 (5) 
-0.0910 (7) 
0.0247 (8) 
0.0708 (7) 

0.0324 (6) 
-0.0148 (6) 

-0.0765 (6) 
-0.1347 (7) 
-0.0609 (8) 
0.0436 (8) 
0.2144 (7) 
0.3131 (6) 
0.3268 (6) 
0.2377 (7) 
0.1656 (7) 
0.1157 (8) 
0.2274 (8) 
0.2856 (9) 
0.2214 (10) 
0.1060 (9) 
0.3496 (8) 
0.2608 (9) 
0.1882 (7) 
0.2081 (9) 
0.2986 (11) 
0.3704 (7) 
0.0634 (7) 
0.0394 (7) 
0.0353 (8) 

0.12997 (2) 
0.25202 (2) 
0.1740 (1) 
0.2122 (1) 
0.3051 (1) 
0.2774 (2) 
0.1239 (2) 
0.2388 (2) 
0.2950 (2) 
0.3047 (2) 
0.4138 (3) 
0.4175 (2) 
0.4270 (2) 
0.4314 (2) 
0.4239 (3) 
0.1267 (2) 
0.0769 (3) 
0.0688 (3) 
0.1129 (3) 
0.1488 (3) 
0.1196 (2) 
0.1370 (3) 
0.1007 (3) 
0.0593 (3) 
0.0713 (3) 
0.3148 (3) 
0.2976 (3) 
0.2479 (3) 
0.2338 (3) 
0.2749 (4) 
0.2494 (3) 
0.2342 (4) 
0.2746 (5) 
0.3147 (4) 
0.2989 (4) 
0.4378 (3) 
0.4640 (3) 
0.4874 (3) 
0.4846 (4) 
0.4576 (4) 
0.4344 (3) 
0.3626 (4) 
0.3553 (4) 
0.3921 (7) 

0.20023 (4) 
0.18742 (4) 
0.1847 (3) 
0.1942 (2) 
0.2106 (3) 
0.1674 (4) 
0.1973 (6) 
0.1957 (5) 
0.2039 (4) 
0.1822 (5) 
0.2443 (10) 
0.3202 (7) 
0.2628 (6) 
0.1532 (6) 
0.1375 (9) 
0.3537 (5) 
0.3305 (5) 
0.3581 (6) 
0.4020 (5) 
0.3992 (4) 

0.0131 (5) 
0.0704 (6) 
0.0857 (6) 
0.0391 (5) 
0.3324 (6) 
0.2888 (6) 
0.3130 (6) 
0.3761 (6) 
0.3885 (6) 

-0.0221 (5) 
-0.0028 (6) 

0.0430 (7) 
0.0493 (6) 
0.0072 (6) 
0.1229 (9) 
0.0821 (6) 
0.1484 (IO) 
0.2602 (9) 
0.3004 (6) 
0.2298 (11) 
0.7324 (9) 
0.6303 (10) 
0.5600 (8) 

-0.0053 (5) 

BClO 
BCll  
BC12 
H1 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
H10 
H11 
H12 
H13 
H14 
H15 
H16 
H17 
H18 
H19 
H20 
H21 
H22 
H23 
H24 
H25 
H26 
H27 
H28 
H29 
BH 1 
BH2 
BH3 
BH4 
BH5 
BH6 
BH7 
BH8 
BH9 
BHlO 
B H l l  
BH12 

0.0565 (11) 0.4413 (6) 0.5931 (15) 
0.0823 (9) 
0.0827 (7) 
0.259 (4) 
0.268 (4) 

-0.167 (5) 
-0.173 (4) 

-0.175 (6) 
-0.351 (6) 
-0.323 (6) 

-0.185 (5) 

0.057 (4) 
0.147 (6) 

-0.005 (5) 
0.096 (5) 

-0.107 (5) 
-0.200 (5) 
-0.073 (5) 
0.109 (5) 
0.180 (6) 
0.360 (5) 
0.372 (7) 
0.219 (5) 
0.103 (5) 
0.061 (5) 
0.263 (7) 
0.342 (5) 
0.217 (7) 
0.043 (5) 
0.409 
0.247 
0.117 
0.149 
0.311 
0.441 
0.065 
0.022 
0.016 
0.054 
0.097 
0.103 

-0.039 (6) 

-0.094 (5) 

-0.143 (5) 

0.4462 (4) 
0.4073 (5) 
0.119 (2) 
0.118 (2) 
0.231 (2) 
0.224 (2) 
0.411 (3) 
0.414 (3) 
0.438 (3) 
0.436 (2) 
0.422 (2) 
0.145 (2) 
0.052 (2) 
0.044 (2) 
0.120 (2) 
0.182 (2) 
0.134 (2) 
0.168 (2) 
0.104 (2) 
0.032 (2) 
0.056 (2) 
0.350 (3) 
0.316 (2) 
0.226 (3) 
0.207 (2) 
0.272 (2) 
0.230 (2) 
0.207 (3) 
0.269 (2) 
0.343 (3) 
0.312 (3) 
0.419 
0.466 
0.508 
0.504 
0.456 
0.414 
0.330 
0.316 
0.387 
0.471 
0.484 
0.414 

0.7064 (isj 
0.7719 (8) 
0.267 (4) 
0.130 (4) 
0.131 (4) 
0.258 (4) 
0.261 (6) 
0.405 (6) 
0.293 (6) 
0.110 (5) 
0.097 (5) 
0.334 (4) 
0.302 (5) 
0.352 (4) 
0.424 (5) 
0.432 (5) 

-0.036 (4) 
-0.013 (5) 
0.090 (5) 
0.117 (4) 
0.038 (5) 
0.322 (5) 
0.255 (5) 
0.301 (6) 
0.395 (5) 
0.418 (5) 

-0.051 (5) 

0.050 (5) 
0.072 (7) 
0.010 (5) 
0.067 

-0.003 
0.120 
0.314 
0.384 
0.261 
0.790 
0.600 
0.476 
0.542 
0.732 
0.856 

-0.016 (7) 

a The estimated standard deviations in parentheses for this and all subsequent tables refer to the least significant figures. 

complexes 12f and 17 in a 2:5 ratio. Complex 17 was identified 
by its characteristic 'H and 13C NMR spectra. 

Results a n d  Discussion 
Thermally Induced Addition Reactions. Cyclo- 

dimeric ($formaldehyde)zirconocene (10) reacts with 
hexacarbonylmolybdenum slowly a t  40 OC in toluene 
solvent to give a single organometallic product that con- 
tains two zirconium atoms per molybdenum. 

L,M-CtO - CplZr-O 
\ \ \  

C p 2 Z r - 0  

r z r p 2  'O-zrcp, ' 
'CL C H y  

10 

12 [ ML, - M O ( C O ) ~  ( a ) ,  W ( C O ) s ( b ) ,  

C p C o ( C 0 )  ( c ) ,  C p R h ( C 0 )  ( d ) ,  

CpV(CO), ( e ) ,  (C,F&Pt(CO) ( f )  1 

Increasing the MO(CO)~/ [CpZZr(p-OCHz)lz ratio does not 
result in any more Mo being incorporated into the product. 
The product 12a precipitates from the solution as the 
reaction proceeds. According to the NMR spectra (Tables 
IV and V), complex 12a contains a metallacyclic three- 

membered ring system that exhibits similar spectroscopic 
features as 10 ['H/13C NMR (CHJ: 6 2.53/66.8 (12a), 
2.42/64.0 (lo)]. A notable characteristic of this metal- 
loxirane structure is the rather large ~JCH coupling constant 
of 154 Hz for the methylene unit (comparable to 153 Hz 
for 10).12324 Also, a metal-bound CO ligand has been in- 
serted into the Zr-CH2 linkage of the second metal- 
laoxirane ring of 10. This is evident from the 'H and 13C 
resonances of this methylene group, which are shifted 
downfield (6 4.65/ 100.9) relative to the CH2 signals of the 
starting material 10. The reduced ~JCH coupling constant 
of 141 Hz indicates that ring enlargement has taken place. 
This CH, group, however, remains bound to an oxygen 
atom. 'H NMR integration shows four Cp groups to be 
present besides the two methylene groups. The observa- 
tion of only two 'H NMR singlets even at low temperature 
points to an overall C, molecular geometry in solution. The 
IR spectrum of 12a further indicates the presence of a 
Mo(CO), unit. On the basis of these data, we conclude that 
complex 12a contains a metallaoxirane subunit and a 
five-membered metallacyclic zirconoxycarbene unit, which 

(24) Erker, G.; Kropp, K.; Kruger, C.; Chiang, A.-P. Chem. Ber. 1982, 
115, 2447. 
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Table 111. Selected Interatomic Distances (A) a n d  Bond 
Angles (deg) for  the Non-Hydrogen Atoms in 

Cp2Zr(p-OCHz)ZrCp2(p-OCHzC[=RhCp(CO)]O)a~b 

A. Interatomic Distances 
Rh-C3 1.930 (5) Rh-C4 1.807 (5) 
Zrl-01 2.125 (3) Zr2-01 2.089 (3) 
Zrl-02 2.222 (3) Zr2-02 2.167 (3) 
Zrl-C1 2.240 (8) Zr2-03 2.181 (3) 
c1-01 1.413 (6) C2-02 1.424 (6) 
C3-03 1.281 (6) C4-04 1.166 (7) 
Rh-Cpl 1.981 (8) C2-C3 1.506 (7) 
Zrl-Cp2 2.241 (8) Zr2-Cp4 2.260 (8) 
Zrl-Cp3 2.230 (7) Zr2-Cp5 2.264 (8) 
Zrl-Zr2 3.536 (1) 

range of Rh-C (Cpl) distances 2.234 (8b2.333 (7) 
range of Zr-C (Cp2, Cp3) distances 
range of Zr-C (Cp4, Cp5) distances 
range of C-C (Cpl-Cp5) distances 

2.497 (8)-2.553 (6) 
2.498 (10)-2.582 (7) 
1.354 (121-1.431 (16) 

B. Bond Angles 
C3-Rh-C4 91.6 (2) Rh-C4-04 177.9 (5) 

01-Zrl-02 68.3 (1) 01-Zr2-02 70.0 (1) 
C1-Zrl-01 37.7 (2)  02-Zr2-03 69.5 (1) 
Zrl-Ol-Zr2 114.1 (1) Zrl-02-Zr2 107.4 (1) 
Zrl-Ol-C1 75.6 (3) Zr2-02-C2 121.2 (3) 
Zr2-Ol-C1 167.5 (3) Zrl-02-C2 131.4 (3) 
Zr 1-C 1-0 1 66.8 (2) Zr2-03-C3 126.3 (3) 
02-C2-C3 110.7 (4) 03-C3-C2 111.3 (4) 

Cp2-Zrl-Cp3 128.3 (3) Cp4-Zr2-Cp5 125.3 (3) 

range of C-C-C (Cpl-Cp5) angles 106.2 (8)-110.7 (7) 

Cpl-Rh-C3 130.6 (3) Cpl-Rh-C4 137.9 (3) 

C2-C3-Rh 128.5 (3) 03-C3-Rh 120.2 (3) 

nCpn (n = 1-5) denotes the centroid of a cyclopentadienyl ring. 
The rings containing the centroids designated by Cpl ,  Cp2, Cp3, 
Cp4, and Cp5 contain carbon atoms C5-C9, ClO-Cl4, C15-Cl9, 
C2GC24, and C25-C29, respectively. bThe esd's for the intera- 
tomic distances and bond angles were calculated from the standard 
errors for the fractional atomic coordinates. 

Table  IV.  *H NMR Data for the  Metallacvclic Carbene 
Complexes CpzZr(p-OCHz)ZrCpz(p-OCHzC[=MLn]O) ( 12)n 

ML" compd Cp ZTCH,  CH,OC=[M] 
Mo(C0) 12a 5.40, 5.68 2.53 4.65 
W(CO),t 12b 5.56, 5.96 2.62 4.97 

16 5.40, 5.66 2.53 4.55 
CpCo(C0)~ 12c 5.45, 5.81 2.58 4.34 
CpRh(CO)d 12d 5.43, 5.77 2.56 4.40e 
CPV(C0)d 12e 5.48, 5.75 2.58 4.88 
(C,F,),Pt(CO)* 12f 5.36, 5.54 2.57 4.178 

17 5.34, 5.56 2.54 4.37h 

In benzene-d6 a t  ambient temperature. b T ~ o  isomers. 'CpCo 
singlet (5 H) a t  6 5.08. dCpRh signal (5  H) at 6 5.64 (JRhH = 0.7 
Hz). = 0.6 Hz. 'CpV signal (br s, 5 H) a t  6 5.04. g J p t H  = 7.5 

are connected by means of two zirconium-oxygen bridges, 
giving a four-membered Zr202 ring system. This type of 
structural arrangement is very common for electron-de- 
ficient chalcogen-ZrCp, containing metallacyclic three-, 
four-, and five-membered ring systems.,, The analogous 
metallatricyclic zirconoxycarbene complexes containing the 
annulated three-, four-, and five-membered metallacyclic 
Cp2ZXCH2, (Cp,ZrO),, and Cp2ZrOCH2C[=ML,]0 ring 
systems were formed from the reaction of [Cp,Zr(p- 
OCH,)], (10) and a variety of other metal carbonyl com- 
plexes as well. 

HZ. h J p t ~  = 10 HZ. 

(25) Erker, G.; Czisch, P.; Schlund, R.; Angermund, K.; Kriiger, C. 
Angew. Chem. 1986,98,356; Angew. Chem., Int. Ed.  Engl. 1986,25,364. 
Tainturier, G.; Fahim, M.; Gautheron, B. J. Organomet. Chem. 1989,373, 
193 and references cited therein. 

n 

W 

Figure 1. Perspective view of the molecular structure of Cp, 
Zr(p-OCHz)ZrCpz(~-OCH2C[=RhCp(CO)]O) with atom num- 
bering scheme. The thermal ellipsoids are scaled to 50% prob- 
ability. The hydrogen atoms have been omitted for clarity. 

As expected, the thermally induced reaction of (7,- 
formaldehyde)zirconocene with W(CO)6 a t  40 "C produced 
a good yield (>70%) of CpzZr(p-OCH2)ZrCp2(pOCH2C- 

[=W(CO),]O) (12b). The reaction of 10 with CpCo(CO), 
a t  40 "C in toluene took 3 days to complete and gave an 
80% yield of the corresponding zirconoxycarbene complex 
12c. CpRh(CO), reacted similarly. The zirconoxycarbene 
rhodium complex 12d [u(CO) = 1917 cm-'1 was recovered 
in 73% yield. 

Our method can also be used to prepare one of the rare 
examples of a heteroatom-stabilized vanadium carbene 
complex.26 The reaction of 10 with CpV(CO), requires 
more rigorous reaction conditions when conduced purely 
with thermal activation (10 days a t  60 "C). The required 
reaction time is substantially shorter when the reaction 
mixture is irradiated with a sunlamp a t  elevated temper- 
ature. In each case, the zirconoxycarbene product Cp, 
Z~(F-OCH~)Z~C~~(~-OCH~C[=VC~(CO)~]O) (12e) was 
isolated in good yield (ca. 80%). Even the platinum(I1) 
carbonyl complex (C,F,),Pt(CO), [u(CO) = 2174, 2143 
cm-'1 can cleanly be converted by reacting it with 10 to 
the zirconoxycarbene carbonylplatinum product 12f [ v(C0) 
= 2084 cm-'1. The metallacyclic (a-ally1)zirconoxycarbene 
platinum(I1) complex CpzZrOC [=Pt(C6F5)2CO]CHzC3H4, 
which we have recently prepared by reacting (C6F5),Pt- 
(CO), with (~4-butadiene)zirconocene, exhibits a u(C0) 
band a t  2083 cm-l.,' 

Description of the Molecular Structure of Cp,- 
Zr(p-OCH2)ZrCp2(p-OCH2C[=RhCp(CO)]O). The 
zirconoxycarbene rhodium complex 12d was characterized 
by X-ray diffraction methods. Each molecular unit of 12d 
contains three metal atoms, two zirconiums and one rho- 
dium, connected by carbon and oxygen atoms in a nearly 
planar metallatricyclic framework. A perspective view of 

, , 
I 

l 

L 1 

t , 

, I 

I . 
b 

(26) Hartshorn, A. J.; Lappert, M. F.; Turner, K. J. Chem. SOC., 
Dalton Trans. 1978, 348. Martin, J.; Moise, C.; Tirouflet, J. C. R. Hebd. 
S6ances Acad. Sci. Ser. 2 1981, 292, 1143. 

(27) Pker,  G.; Menjbn, B. Chem. Ber., in press. See also: Fanizzi, F. 
P.; Intini, F. P.; Maresca, L.; Natile, G. J. Chem. Soc., Dalton Trans. 1990, 
199. 
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Table V. Selected I3C NMR Data for the Metallacyclic Zirconoxycarbene Complexes 12O 

ML" compd CP ZXCH, [M]=COCHz M-CO (trans/cis) 
214.8, 209.0 12a 107.9, 113.5 66.8 (154) 324.1, 100.9 (141) 

Mo(CO)S 216.5, 208.2 W(CO),b.' 16 108.6, 114.1 66.4 (155) 316.2, 100.6 (143) 
12b 108.9, 114.4 67.5 (155) 308.6, 104.3 (143) 205.4, 200.5 

CpCo(C0) 12c 107.8, 113.0 66.4 (154) 290.0, 95.4 (143) d 
CpRh(C0)' 12d 108.6, 113.8 67.0 (155) 279.0,' 96.4 (145)' 197.48 
CpV(CO),' 12e 108.7, 114.2 67.2 (155) 344.0,h 96.1 266.0h*' 
(C,F5)zPt(CO)b 12f 108.1, 113.8 68.1 269.8,k 97.0' 175.6"' 

17 n 67.9 266.6," 93.gP 176.34 

a In benzene-d6 a t  ambient temperature unless otherwise stated, l J C H  coupling constants in parentheses. *Two isomers. In tetrahydro- 
11 Hz. g J R h C  = 103 Hz, CpRh signal a t  6 87.8 (172). 

JptC = 1250 Hz, C6H5 signals a t  6 151.0, 149.6, 146.7, 145.2, 141.2, 140.3, 
furan-d8. dCarbonyl C not observed, CpCo signal a t  84.5 (174). e J R h C  = 56 Hz. ' J R h C  
hAt  243 K. 'CpV signal a t  6 93.8. kJptC = 825 Hz. lJptC = 210 Hz. 
136.2, 135.2. "Not distinguished between isomers. O J P t C  = 1070 Hz. P J p t C  = 270 Hz. 9 J p t c  = 970 Hz. 

2.181f3)  

131.L131 

126.3131 

11 0.714 

120.2(31 

1.930151 
128.5131 

1.8 0 7(5) 

17 7.9(51 

Figure 2. Pertinent interatomic distances (A) and bond angles 
(deg) within the  RhZrzC401 core. 

the molecular structure of 12d with the atom-labeling 
scheme is depicted in Figure 1. Figure 2 provides a view 
of the central molecular framework and includes some 
pertinent bond distances and angles. The three metal- 
lacyclic rings are linearly annulated to form the central 
RhZrpC404 core of 12d. The Cp,ZrOCH, ring possesses 
a pronounced metallaoxirane character as evidenced by 
the short Zr-C(l) bond (2.240 (8) A) and a rather long 
C(l)-O(l) linkage (1.413 (6) A). The average Zr-0 bond 
length of the central Zr202 four-membered ring is 2.151 
A, which is at the low end of the range of zirconium-oxygen 
distances typically observed in a number of zirconaoxa- 
metallapolycyclic complexes containing this structural 
element [e.g., the mean Zr-0 distance is 2.152 A in 
[Cp2Zr(~-OCH2)]2,12 2.152 A in the Cp,Zr(w-H)B- 
(C8HI4)CH20 dimer,14 2.157 8, in [Cp,Zr(p-OCH,)]3,28 
2.164 8, in [ C ~ , Z ~ ( F - O C = C P ~ ~ ) ] ~ , ~ ~  2.190 A in the Cp, 
ZrOCH,C(=NCMe3)0 dimer,14 and 2.204 A in [Cp,Zr(l- 

I 

1 

I I 

(28) Kropp, K.; Skibbe, V.; Erker, G.; Kruger, C. J .  Am. Chem. SOC. 

(29) Bristow, G. S.; Hitchcock, P. B.; Lappert, M. F. J .  Chem. SOC., 
1983, 205, 3353. 

Chem. Commun. 1982, 462. 

OCPh,)],3°]I However, the Zr-0 bond length distribution 
within the central Zrz02 four-membered ring of 12d varies 
over a wide range. The Zr-O(1) bonds are much shorter 
(2.089 (3), 2.125 (3) A) than the Zr-O(2) bonds (2.167 (3), 
2.222 (3) A). Apparently, the bridging oxygen O(1) within 
the three-membered metallacyclic ring is a stronger donor 
ligand than oxygen atom O(2) for the lateral coordination 
to a Cp,Zr unit. Both O(1) and O(2) are tricoordinated 
oxonium type oxygen atoms. The coordination geometry 
at  O(2) is trigonal planar (the sum of bond angles at  O(2) 
is 360'). The oxonium center O(1) is only marginally 
pyramidalized (357.2°).31 

The five-membered metallacyclic ring in 12d contains 
the zirconoxycarbene rhodium moiety. The bonding fea- 
tures around the carbene carbon atom C(3) are somewhat 
different from those of 0-alkylated Fischer type carbene 
complexes of rhodium. The rather short carbene C to 
oxygen bond of 1.281 (6) A in 12d is typical for metal- 
lacyclic zirconoxycarbene metal complexes that exhibit 
significant metal acyl ~ h a r a c t e r . ~ - ~  For example, the 
corresponding 0-C(carbene) distance in the metallacyclic 
(r-ally1)zirconoxycarbene rhodium complex 13, which we 
prepared by reacting (a4-butadiene)zirconocene with 
CpRh(CO),, is 1.278 (4) The Rh-C(3) bond of 1.930 

Cp,Zr(%) 

3 +  - cpQ ,c@ 
Rh 

I 
CP 

C p R h ( C 0 ) z  

4d 13 

(5) A in 12d is among the shortest found for a rhodium- 
carbon bond32 and is comparable to the Rh-C(carbene) 
bond of 1.925 (3) A in 13. This structural feature reflects 
the presence of a considerable metal to carbon multiple 
bond character. Consistent with the assumed Rh=C 
double-bond character in 12d is the coplanar arrangement 
of the substituents C(2), 0 ( 3 ) ,  C(4), and the centroid of 
the C(5)-C(9) Cp ring at  the Rh=C moiety. Only one of 
the two possible isomers of such a bonding situation is 
observed for 12d in the crystal, which is characterized by 
an entgegen (E)  orientation of the substituents of highest 

(30) Erker, G.; Dorf, U.; Czisch, P.; Petersen, J. L. Organometallics 
1986, 5, 668. 

(31) See for a comparison: Erker, G.; Dorf, U.; Atwood, J. L.; Huntek, 
W. E. J .  Am. Chem. SOC. 1986, 208,2251. Erker, G.; Schlund, R.; Kruger, 
C. J .  Chem. SOC., Chem. Commun. 1986, 1403. 

(32) Doyle, M. J.; Lappert, M. F.; McLaughlin, G. M.; McMeeking, J. 
J .  Chem. Soc., Dalton Trans. 1974, 1494. Coleman, T.; Hitchcock, P. B.; 
Lappert, M. F.; Maskell, R. K.; Muller, J. H. J .  Organomet. Chem. 1985, 
296, 173. Bianchini, C.; Mealli, C.; Meli, AI.; Sabat, M.; Silvestre, J.; 
Hoffmann, R. Organometallics 1986,5, 1733. Hitchcock, P. B.; Lappert, 
M. F.; McLnughlin, G. M.; Oliver, A. J. J. Chem. Soc., Dalton Trans. 
1974,68. Cetinkaya, B.; Lappert, M. F.; McLaughlin, G. M.; Turner, K. 
Zbid. 1974, 1591. Cowie, M.; Ibers, J. A. Inorg. Chem. 1976, 25, 552. Itoh, 
K.; Matsuda, I.; Ueda, F.; Ishii, Y.; Ibers, J. A. J .  Am. Chem. SOC. 1977, 
99, 2118. 
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cis/ trans isomerization process taking place upon photo- 
lysis of 12f. Probably a dissociative isomerization mech- 
anism is operative similar to the recently reported exam- 

Conclusions 
We have shown that a (q2-forma1dehyde)zirconocene 

unit of the metallaoxirane dimer 10 is able to add to a 
CEO ligand from a variety of metal carbonyl complexes 
to form 0-metallated metallacyclic heteroatom-stabilized 
carbene complexes. Without exception, only one of the 
two available Cp2ZrOCH2 moieties of 10 is used in this 
transformation. Neither in the thermally nor in the 
photochemically induced reactions did we find any evi- 
dence that the remaining (q2-formaldehyde)ZrCp2 unit in 
Cp,Zr(p-OCH2)ZrCp,(p-OCH2C[=ML,]O) (12; [ML, = 

MO(CO)~, W(CO)5, CpCo(CO), CpRh(CO), CPV(CO)~ or 
(C,F,),Pt(CO)] reacts with additional amounts of L,M- 
(CO). However, experimental evidence indicates that the 
reaction pathways for the thermally promoted and pho- 
tochemically assisted reactions may be quite different. 

The thermodynamically favored (.r12-formaldehyde)ZrCp2 
trimer [Cp,Zr(p-OCHz)]328 can be formed from 10 by 
photolysis as well as t h e r m ~ l y s i s . ~ ~  In either case, mo- 
nomeric Cp,ZrOCH, appears to be involved as a reactive 
intermediate. The regioisomeric carbene complex Cp2 
Zr(p-OCH2)ZrCp2(p-OC[=W(CO)5]CH20) (16), formed 
during the photochemically assisted, kinetically controlled 
reaction of W(CO), with 10, leads us to assume that the 
photochemically induced dissociation of [Cp2Zr(p-OCH2)lz 
involves a two-step reaction proceeding via intermediate 
14 as depicted in Scheme I. Tungsten hexacarbonyl traps 
the ring-opened dimetallic complex 14 to give 15, which 
then reacts further to give the carbene complex 16. For- 
mation of the less stable isomer 16 thus appears to be an 
example of a bimetallic-induced CC-coupling process. 
According to this description, one electrophilic zirconium 
center activates the tungsten-bound carbonyl group, 
whereas the other zirconium center is used to provide the 
nucleophilic CH20  group. 

The formation of the mixed products 12, each containing 
a Cp,ZrOCH, metallaoxirane unit in addition to the 
five-membered metallacyclic zirconoxycarbene moiety 

ple.,' 

I 

, I 

I I 

m 

, ? 

c I 

- 

Scheme I 

priority (O(3) a t  the carbene carbon and the C=O ligand 
a t  Rh). The (wally1)zirconoxycarbene rhodium complex 
13 also exhibits an E-configurated Rh=C(carbene) unit? 
as do the analogous cobalt carbene complexes Cp,- 
ZrOC[=Co(CSH4R)C0]CH2C3H, (R = H, Cl).4b 

Photochemically Assisted Reactions. It  was already 
pointed out that the reaction between CpV(CO), and the 
(+formaldehyde)zirconocene dimer giving 12e can be 
accelerated by sunlamp irradiation (vide supra). In this 
case, the reaction product remains the same whether the 
addition reaction is photochemically assisted or not. For 
the corresponding reaction of 10 with W(CO),, a different 
situation exists. When this reaction is carried out in a 
sealed tube a t  60 "C with intensive irradiation from a 
sunlamp, a rapid consumption of the starting materials is 
observed with the formation of the carbene complex 12b 
plus a new organometallic product (16). After 1 h, a 
maximum ratio of about 1:l of the complexes 12b and 16 
was reached. Subsequent thermolysis a t  60 OC led to a 
rapid rearrangement of 16 to 12b. A comparison of the 
corresponding NMR data (Tables IV and V) reveals that 
16 is an isomer of 12b. Tentatively, we have assigned the 
structure of the regioisomer 16 to the newly observed 
complex that is formed from W(COI6 and 10 with the 
assistance of UV light (Scheme I). 

The carbene complex 16, however, is not formed from 
12b upon irradiation by the same UV light source. The 
appearance of 16 is strictly related to the reaction pathway 
involved in the formation of the carbene complexes. 
Subsequent attempts to establish a photostationary 
equilibrium between the isomers 12b and 16 were unsuc- 
cessful. 

A different type of photochemical reaction, which in this 
case can occur subsequent to the carbene complex for- 
mation, was observed for the zirconoxycarbene platinum 
complex 12f. UV irradiation of 12f (HPK 125 lamp, Pyrex 
filter) a t  ambient temperature produced an isomeric com- 
plex (17) which amounts to ca. '70% once the photo- 
stationary equilibrium is reached. In view of similar re- 

, 

C,F,--Pt-CO C,F,-?t-C,F, 

co ~ 

c 6 F 5  

12f 17 

sults obtained with the (r-ally1)zirconoxycarbene complex 
Cp,ZrOC[=Pt(C6F,),CO]cH2C3H4, prepared from 
Cp,Zr(butadiene) (4) and (C6F5)2Pt(C0)2, we propose a 

1 

CpzZr(OCHzC[=ML,]O), is probably thermodynamically 
controlled. We have recently shown that the metal- 
latricyclic zirconocene(endio1ato) dimersN 18 (R = H, CH3) 
cleanly equilibrate with the (q2-formaldehyde)zirconocene 
dimer 10 a t  80 "C to give exclusively the "mixed dimers" 
19 (R = H, CH3).33 This appears to be a general phe- 
nomenon. The equilibrium 20 + 10 + 2 21 also lies com- 
pletely on the side of the unsymmetrical product at 80 OC.% 

Therefore, we assume that the metallaoxirane-containing 
zirconoxycarbene complexes 12 represent the global min- 
ima in the systems studied to date. This remark is in 
accord with the observed structural features of the me- 
tallatricyclic zirconoxycarbene rhodium complex 12d. The 
rather unsymmetrical arrangement of Zr-0 bond lengths 
in the central four-membered ZrzOz ring clearly shows that 
CpzZrOCHz is both a better donor (at oxygen) and a better 
- 

~ ~~ 

(33) Erker, G.; Noe, R. Unpublished results. 
(34) Fachinetti, G.; Floriani, C.; Marchetti, F.; Merlino, S. J .  Chem. 

Soc., Chem. Commun. 1976,522. Erker, G.; Rosenfeldt, F. J .  Organomet. 
Chem. 1980, 288, C1. Tatsumi, K.; Nakamura, A,; Hofmann, P.; Stauffert, 
P.; Hoffmann, R. J .  Am. Chem. SOC. 1985, 107, 4440. 
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8 0 ' C  Cp2Zr -O  

O L R  /"\"? 

Cp,Zr-0 
\ 

cp ,z r -o  
L- - /ZrCp2 

- 2  
b--\ZrCp, + b--jZrCp, 

\CL, R+ 

10 19 I 

R* 18 

R R 
( R  = H, CH,) 

/"\" 
8 0 0 C  C p z Z r - 0  

/"\" = 
b -'i rep, 

C p 2 Z r - 0  
\ 

- 2  Bp2 
c p 2 z r - 0  QY 

b-'irCp, + 
\ /  

CH2 

2 1  
& 20 10 

acceptor (at zirconium) compared to  the five-membered 
metallacycle. 

In the thermally induced reaction, the monomeric 
Cp2ZrOCH2 intermediate most likely adds 1 equiv of the 
metal carbonyl. Carbon-carbon coupling then apparently 

- 

occurs by means of a concerted electrocyclic ring closure 
reaction to give the five-membered metallacyclic zircono- 
xycarbene complex, which is then trapped by a second 
Cp,ZrOCH, species to give the observed stable product 12. 
The addition of this molecular unit to  L,M-C=O thus 
represents another example of a nonnucleophilic route for 
the preparation of a heteroatom-stabilized carbene com- 
plex. 
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Oxidation of the Ruthenium Hydride Complex 
($-C,H,)Ru(CO)(PPh,)H: Generation of a Dihydrogen Complex 

by Oxidatively Induced Intermolecular Proton Transfer 

Olav B. Ryan," Mats Tilset,'f'a and Vernon D. Parkerlb 

Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, N-03 15 Oslo 3, Norway, 
and Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322-0300 

Received April 27, 1990 

Ruthenium hydride (s5-C5H5)Ru(CO)(PPh3)H (1) undergoes a chemically irreversible oxidation at +0.39 
V vs the ferrocene/ferrocenium couple. Oxidation of 1 with (a5-C5H5)2Fe+PFG- (3) in dichloromethane-d2 
yields the known dihydrogen complex (q5-C5H5)Ru(CO)(PPh3)(~2-H2)+ (4) as a primary decomposition 
product. Ferrocenium oxidation of 1 in acetonitrile-d3 yielded (q5-C5H5)Ru(CO)(PPh3)(NCCD3)+ (2-d,), 
HRu(CO)(PP~,)(NCCD~)~+ (5-dg), and cyclopentadiene. Cyclopentadiene and 5-d, were generated via the 
prior formation of dihydrogen complex 4. Solutions of independently prepared 4 in acetonitrile-d, were 
observed to decompose to yield some 2-d3, but mostly 5 4 ,  and cyclopentadiene. The results are discussed 
in terms of an initial proton transfer from cation radical lo+ to the Ru center of 1, yielding 4. It is proposed 
that a reversible, base-catalyzed deprotonation/protonation sequence generates an undetected cationic 
trans dihydride intermediate from which cyclopentadiene is eliminated. 

Introduction 
Transition-metal hydrides continually receive the at- 

tention of organometallic chemists because of their in- 
volvement in catalytic and stoichiometric processes.2 The 
acidities of metal hydrides, in both the kinetic and the 
thermodynamic senses, in many cases have been system- 
atically e~p lo red .~  We recently reported the first estimates 

(1) (a) University of Oslo. (b) Utah State University. 
(2) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 

Principles and Applications of Organotransition Metal Chemistry; 
University Science: Mill Valley, CA, 1987. (b) Deutsch, P. P.; Eisenberg, 
R. Chem. Reo. 1988,88,1147. (c) Cotton, F. A.; Wilkinson, G. Advanced 
Inorganic Chemistry, 5th ed.; Wiley: New York, 1988. (d) Carneiro, T. 
M. G.; Matt, D.; Braunstein, P. Coord. Chem. Reo. 1989, 96, 49. 

0276-7333/91/2310-0298$02.50/0 

of metal hydride cation radical thermodynamic acidities 
in acetonitrile solution, noting that a number of group 6 
hydride cation radicals were more acidic than their parent 
neutral hydrides by a relatively constant 20.6 1.5 pK, 
units.4 All of the metal hydride cation radicals in that 
study were short-lived, their major mode of decomposition 

(3) (a) Jordan, R. F.; Norton, J. R. J .  Am. Chem. SOC. 1982, 204, 1255. 
(b) Walker, H. W.; Pearson, R. G.; Ford, P. C. J .  Am. Chem. SOC. 1983, 
205, 1179. (c) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J .  Am. Chem. 
SOC. 1986, 208, 2257. (d) Edidin, R. T.; Sullivan, J. M.; Norton, J. R. J .  
Am. Chem. SOC. 1987, 109,3945. (e) Kristjinsd6tti1, S. S, Moody, A. E.; 
Weberg, R. T.; Norton, J. R. Organometallics 1988, 7 ,  1983. (0 Weberg, 
R. T.; Norton, J. R. J .  Am. Chem. Soc. 1990, 222, 1105. 

(4) Ryan, 0. B.; Tilset, M.; Parker, V. D. J .  Am. Chem. SOC. 1990, 222, 
2618. 
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