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Diphenylketene, aryl isocyanates, and p-tolylcarbodiimide insert into Zr-C bonds of (cp),ZrR, (cp = $-C,H,; R = Me (I), PhCH2 
(II),  Ph (111)). The insertion of the > C = O  unit of diphenylketene into the Zr-R bond gives ((cp),Zr(R)[O-C(R)=CPh,]J 
complexes (11), which, because of the presence of a vacant coordination site on the metal, add a further molecule of diphenylketene 
to form ( ( C ~ ) ~ Z ~ [ O - C ( R ) = C P ~ , ] ~ ] .  The structures of both kinds of complexes were confirmed by an X-ray analysis on 
{(cp),Zr(Me)[O-C(Me)=CPh,]J (IV) and {(~p)~Zr[0-C(Me)=C?h~],] (V). The vinyl-oxo ligand has normal structure 
characteristics, and the C=C bond does not interact with the metal. Reaction of isocyanates (ArNCO) with complexes (1-111) 
led to the formation of an imido ligand bonding the metal in a bidentate fashion, ((cp),Zr(R)[O=C(R)-NAr]). The X-ray 
analysis on ((cp),Zr(Me)[O=C(Me)-NPh]J (VIII) is reported. The insertion of a second molecule of ArNCO is prevented by 
the absence of a free coordination site on the metal in complexes VI-VIII. Analogous results have been obtained by reacting 
complexes 1-111 with p-tolylcarbodiimide, as shown by the isolation of ((cp)zZr(R) [p-MeC6H4N<(R)=NC6H4Me-p]} (XI). 
Insertion of the C02-like molecule into the Zr-R bond occurs according to the following sequence: Me > Ph >> PhCH2. Moreover, 
the occurrence of the reaction does strongly depend on the nature of the heterocumulene in the order Ph2C=C=0 > PhN=C=O 
> p-MeC6H,N=C=CNC6H4Me-p >> CO,. This order suggests that an important factor determining the insertion of the 
C02-like molecule can be polarization of the cumulene structure, thus making carbon dioxide the most difficult to insert. 
Crystallographic details for ((~p)~zr(Me)[O-C(Me)=CPh,l): space group Pca2, (orthorhombic); a = 25.814 (6), b = 8.646 
(2), c = 9.851 (6) A; V = 2198.6 (9) A3; Z = 4; = 1.35 g ~ m - ~ .  The final R factor was 0.033 for 1792 observed reflections. 
Crystallographic details for ((~p)~zr[o-C(Me)=CPh,]~}: space group Pi (triclinic); a = 15.817 (2), b = 18.705 (3), c = 12.965 
(2) A; a = 104.81 (2), p = 98.16 (2), y = 113.98 (2)’; V = 3254.3 (8) AS; Z = 4; Dcalcd = 1.31 g ~ m - ~ .  The final R factor was 
0.051 for 4693 observed reflections. Crystallographic details for ((cp),Zr(Me)[O=C(Me)-NPh]J: space group P2,/n* 
(monoclinic); a = 11.582 (2), b = 12.039 (2), c = 12.243 (2) A; p = 95.73 ( 2 ) O ;  V = 1698.6 (5) A3; Z = 4; DaId = 1.45 g ~ m - ~ .  
The final R factor was 0.041 for 2238 observed reflections. 

Introduction 
Insertion of a small molecule or an organic functional group 

into a metal-carbon bond represents a fundamental step for any 
metal-promoted functionalization of a hydrocarbon residue.’ To 
this purpose, we can anticipate that the reaction of carbon dioxide 
with o-bonded organ-transition-metal compounds together with 
the subsequent evolution of the products represent key steps in 
the eventual exploitation of COz in the catalytic synthesis of 
organic molecules.2 To date, however, there has been no sys- 
tematic investigation of this area of C02.2-4 The accumulated 
information in this field of the reactions of COz  with a-bonded 
organometallic compounds indicates that not all compounds react 
with C02.2 When the reaction with C 0 2  does occur, the product 
is in the majority of cases the corresponding ~ a r b o x y l a t e . ~ , ~  In 
some instances, the presence at  the metal center of a second 
organic ligand (alkyl, aryl) permits the evolution of the metal- 
locarboxylate, forming an organic product, albeit in a stoichio- 
metric p r o ~ e s s . ~  These reactions have an important role in the 
exploitation of carbon dioxide in the synthesis of organic mole- 
cules,6 and the key problem is how to make them catalytic. 

The mechanism of carboxylation reactions is rsther o b ~ c u r e , ~  
and apparently, the concept of C 0 2  insertion is an oversimplifi- 
cation of the actual processes that take place. In some instances, 
the reaction seems to proceed by the interaction of a stabilized 
carbanion with free C02 and not by a prior “coordination” of COz. 
The necessity for prior coordination or activation by a metal center, 
the interaction mode, and the eventual evolution of the carboxylate 
product are  domains of large interest. 

In order to answer some of the above-mentioned questions, we 
describe a study on the interaction of C02-like molecules, namely 
diphenylketene, isocyanates, and p-tolylcarbodiimide, with di- 
alkylbis(cyclopentadienyl)zirconium(IV) complexes, (cp) 2ZrR, 
(cp = v5-C5H5; R = Me, PhCH2,  Ph), which have been used in 
modeling studies concerning the insertion of carbon monoxide into 
a metal-carbon bond? Titanium- and zirconiumalkyl complexes 
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have been found to insert carbon dioxide into the M-C u bonds. 
Tetrabenzyltitanium and -zirconium react readily with COz.8 
Similarly, dimethyltitanocene gives the expected titanocene di- 
acetate with COz.9 Insertion of C 0 2  has been found to occur 
with a benzyne intermediate formed from (cp),TiPh2 by a thermal 
r e a ~ t i o n . ~ J ~  Moreover, [ (cp),TiR] ( R  = alkyl, allyl, alkenyl) 
complexes insert C 0 2  and some COZ-like molecules to form the 
corresponding carboxylato-type complexes.’’ A study examining 

(a) Basolo, F.; Pearson, R. G. “Mechanisms of Inorganic Reactions”, 
2nd ed.; Wiley: New York, 1968; Chapter 7 .  (b) Parshall, G. W. 
“Homogeneous Catalysis”; Wiley-Interscience: New York, 1980; 
Chapter 5. (c) Heck, R. F. “Organotransition Metal Chemistry”; Ac- 
ademic Press: New York, 1974; Chapter 9. (d) Wojcicki, A. Adu. 
Orgunomet. Chem. 1973.11, 87-145; 1974, 12,31-81. (e) Eisenberg, 
R.; Hendricksen, D. E. Adu. Cutul. 1979,28, 79-172. Calderazzo, F. 
Angew. Chem., Int. Ed. Engl. 1977, 16, 299-311. 
Sneeden, R. P. A. In “Comprehensive Organometallic Chemistry”; 
Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon Press: 
Oxford, 1982, Vol. 8, Chapter 50.4 pp 225-283. 
Volpin, M. E.; Kolomnikov, I. S. “Organometallic Reactions”; Becker, 
E. I., Tsutsui, M., Eds.; Interscience: New York, 1975; vol. 5, pp 
313-379. Volpin, M. E.; Kolomnikov, I. S. Pure Appl. Chem. 1973, 
33, 567. Volpin, M. E. Pure Appl. Chem. 1972, 30,607. Kolomnikov, 
I. S.; Grigoryan, M. Kh. Russ. Chem. Rev. (Engl. Trunsl.) 1978, 47, 
603-637. 
Eisenberg, R.; Hendricksen, D. E. Adv. Cutul. 1979, 28, 79-172. 
Yamamoto, T.; Yamamoto, A. Chem. Lett. 1978, 615. 
Behr, A,; Juszak, K. D.; Keim, W. Synthesis 1983,574-575. Behr, A.; 
Juszak, K. D. J. Organomet. Chem. 1983, 255, 263-268. Inoue, Y.; 
Itoh, Y.; Kazama, H.; Hashimoto, H. Bull. Chem. SOC. Jpn. 1980, 53, 
3329-3333. Sasaki, Y.; Inoue, Y.; Hashimoto, H. J. Chem. Soc., Chem. 
Commun. 1976,605-606; Bull. Chem. SOC. Jpn. 1978,51,2375-2378. 
Hoberg, H.; Schaefer, D.; Burkhart, G. J .  Organomer. Chem. 1982,228, 

Perego, C.; Tartiari, V. Inorg. Chim. Acta 1978, 28, L147-LI48. 
(a) Fachinetti, G.; Fochi, G.; Floriani, C. J. Chem. Soc., Dulton Truns. 
1977, 1946-1950. (b) Manriquez, M.; McAlister, D. R.; Sanner, R. 
D.; Bercaw, J. E. J. Am. Chem. SOC. 1978, 100, 2716-2724. 
Zucchini, U.; Albizzati, A,; Giannini, U. J. Orgunomet. Chem. 1971, 
26, 351-312. 
Kolomnikov, I. S.; Lobeeva, T. S.; Volpin, M. E. Zh. Obschch. Khim. 
1972, 42, 2232-2236. 
Kolomnikov, I. S.; Lobeeva, T. S.; Gorbachevskaya, V. V.; Alexandrov, 
G. G.; Struchkov, Y. T.; Volpin, M. E. J. Chem. SOC., Chem. Commun. 

C21-C24; 1982, 238, 383-387; 1982, 236, C28C30. MUSCO, A.; 

1971, 972-973. 

0 1985 American Chemical Society 



Insertion of C0,-l ike Molecules into Zr-C Bonds 

the factors affecting the insertion of C02 and C0,-like molecules 
into the metal-carbon bond has never been produced. 
Experimental Section 

All the reactions described were carried out under an atmosphere of 
purified nitrogen. Solvents were purified by standard methods. Di- 
alkylbis(cyclopentadienyl)zirconium(IV) complexes, (cp),ZrR2 (cp = 
qS-C5H5; R = Me,’, PhCH,,’ Phi,) were prepared as previously reported. 
Phenyl isocyanate, p-tolylcarbodiimide, and 1-naphthylisocyanate are 
commercially available compounds, which have been recrystallized or 
distilled before use. Diphenylketene, DPK, was prepared as in the lit- 
e r a t ~ r e . ” ~  IR spectra were recorded with a Perkin-Elmer 283 spec- 
trophotometer. ‘H NMR spectra were taken with Varian E-360 (60 
MHz) apparatus. Carbon dioxide was high-purity (99.99%) oxygen-free 
gas. 

Reaction of (cp),ZrR2 (R = Me, PhCH,, Ph) with Diphenylketene. A 
toluene solution (30 mL) of (cp),ZrMe2 (2.29 g, 9.08 mmol) was reacted 
with neat diphenylketene, DPK (1.76 g, 9.08 mmol). When it stood for 
2 days at room temperature, the original yellow-orange solution turned 
to colorless. By addition of n-hexane (30 mL) to the concentrated so- 
lution, white needles of ((cp),Zr(Me)[O-C(Me)=CPh2]J (IV) formed 
(50.2%). Anal. Calcd for C26H260Zr: c ,  70.11; H,  5.89. Found: c ,  
70.43; H, 5.85. IR spectrum (Nujol): v(C=C) at 1605 cm-I. ‘H NMR 
(CDCI,): 6 7.10 (m, Ph, 10 H), 5.86 (s, cp, 10 H), 1.77 (s, Me, 3 H), 
0.07 (s, Me, 3 H). 

When the reaction was carried out with a DPK/Zr molar ratio of 2 
for 4 days, the disappearance of all DPK was observed in the IR spec- 
trum. By the procedure described above ((~p)~zr[o-C(Me)=CPh,],] 
(V) was isolated as white crystals (60.3%). Anal. Calcd for C~H3602Zr: 
C, 75.07; H,  5.67. Found: C, 75.09; H,  5.56. IR spectrum (Nujol): 
v(C=C) at 1610 cm-I. IH NMR spectrum (CDCI,): 6 7.20 (m, Ph, 20 
H), 5.88 (s, cp, 10 H), 1.92 (s, Me, 6 H). 

DPK reacted with (cp),Zr(CH,Ph), in a 1:l molar ratio, forming 
((cp),Zr(CH,Ph) [0-C(CH,Ph)=CPh,]) (VI) (44.1%). The reaction 
is significantly slower ( I O  days at room temperature) than for complex 
I. Anal. Calcd for C38H340Zr: C, 76.38; H,  5.69. Found: C, 76.07; 
H, 5.73. IR spectrum (Nujol): v(C=C) at 1610 cm-I. IH NMR 
spectrum (CDCI3): 6 7.00 (m, Ph, 20 H), 5.53 (s, cp, 10 H), 3.53 (s, 

The reaction of (cp),ZrPh2 with DPK is very slow at room tempera- 
ture. By the procedure reported above, a toluene solution of (cp),ZrPh2 
was reacted with DPK at 100 OC for 5 days. ((cp),Zr[O-C(Ph)= 
CPh,],] (VII) was recovered as a microcrystalline orange solid (50.7%). 
IH NMR spectrum (CDCI,): 6 7.08 (bm, Ph, 30 H), 5.81 (s, cp, 10 H). 
Anal. Calcd for CSOHN02Zr: C, 78.63; H,  5.24. Found: C, 77.58; H, 
5.04. 

Reaction of (cp),ZrR2 (R = Me, PhCH,, Ph) with RNCO (R = Ph, 
1-Naphthyl, C d I I ) .  Phenyl isocyanate (0.50 mL, 4.69 mmol) was added 
to a toluene (50 mL) solution of (cp),ZrMe2 (1.11 g, 4.41 mmol). The 
resulting colorless solution was heated to 100 OC for 36 h until complete 
disappearance of PhNCO, checked by the IR spectrum. The concen- 
trated solution gave on standing overnight orange crystals of ((cp)2Zr- 
(Me)[O=C(Me)=NPh]) (VIII) (41.5%). Anal. Calcd for 
C19H21NOZr: C, 61.62; H, 5.67; N,  3.78. Found: C, 61.39; H,  5.71; 
N,  3.49. ‘H NMR (CDCI,): 6 7.00 (m, Ph, 6 H); 5.96 (s, cp, 10 H); 
1.70 (s, Me, 3 H); -0.33 (s, Me, 3 H). IR (Nujol): v(C-N) at 1660 cm-l 
(m-s). The reaction of (cp),ZrMe2 with I-naphthylisocyanate was sig- 
nificantly slower (3 days). The reaction gave ((cp),Zr(Me)[O=C- 
(Me)=NCloH7]) (IX) as a light brown crystalline solid (51.5%). Anal. 
Calcd for C,,H,,NOZr: C, 65.57; H, 64.81; N, 3.33. Found: C, 64.81; 
H,  5.44; N, 3.09. ‘H NMR spectrum (CDCI,): 6 7.50 (m, naphthyl, 
7 H), 6.10 (s, cp, I O  H), 1.60 (s, Me, 3 H), -0.48 (s, Me, 3 H). IR 
(Nujol): u(C-N) at 1655 cm-’ (m-s). 

No reaction with RNCO (R = Ph, 1-naphthyl, C6HlI) was observed 
with (cp),Zr(PhCH,),, though it was refluxed for 3 days. 

The reaction of (cp),ZrPh2 with C ~ H I I N C O  (1:l molar ratio) was 
carried out at 100 OC for 48 h in toluene. {(cp),Zr(Ph)[O=C(Ph)i- 
~NC6H11]J was recovered as orange crystals (45.7%). Anal. Calcd for 
C2,HglNOZr: C, 69.53; H, 6.24; N, 2.80. Found: C, 69.24; H,  6.35; 

(1 1) Klei, B.; Teuben, J. H.; De Liefde Meijer, H. J. J .  Chem. SOC., Chem. 
Commun. 1981, 342-343; Klei, E.; Teuben, J. H.; De Liefde Meijer, 
H. J.; Kwak, E. J. J .  Organomet. Chem. 1982, 224, 327-339. Klei, E.; 
Telgen, J. H.; Teuben, J. H. J .  Organomet. Chem. 1981, 209, 297-307. 
Klei, J.; Teuben, J. H. J .  Organomet. Chem. 1981, 222, 79-88. Sato, 
F.; Iijima, S.; Sato, M. J.  Chem. Soc., Chem. Commun. 1981,180-181. 

(12) Samuel, D.; Rausch, M. D. J.  Am. Chem. SOC. 1973,95,6263-6267. 
(13) (a) Taylor, E. D.; McKillop, A.; Hawks, G.  H. Org. Synth. 1972, 52, 

36. (b) Wailes, P. C.; Weigold, H. J .  Organomef. Chem. 1970, 24, 
413-417. Deacon, G. B.; Phillips, R. J. Coord. Chem. Rev. 1980, 33, 
227-250. 

CH,, 2 H), 2.03 (s, CHI, 2 H). 
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N, 2.58. ‘H NMR (CDCI,): 6 6.89 (m, 10 H, Ph), 6.10 (s, 10 H, cp), 

Reaction of (cp),ZrR2 (R = Me, PhCH,, Ph) with p-Tolylcarbodi- 
imide. A toluene solution of (cp),ZrMe2 (1.04 g, 4.15 mmol) and p -  
tolylcarbodiimide,p-TCD (0.93 g, 4.19 mmol), was refluxed for 4 days 
until p-TCD disappeared, as checked with the IR spectrum. The con- 
centrated solution kept standing for 10 days gave brown crystals of 
((cp),Zr(Me)[p-MeC6H4Ni?C(Me).?NC6H4Me-p]) (XI) (0.88 g, 
44.8%). Anal. Calcd for C27H30N2Zr: C, 68.50; H, 6.51; N, 5.65. 
Found: C, 68.52; H, 6.51; N, 5.65. IR spectrum (Nujol): no band above 
1550 cm-’ is observed. ‘H NMR spectrum (CDCI,): 6 7.00 (m, Ph, 8 
H); 5.80 (s, 10 H, cp); 2.33 (s, Me, 3 H), 2.37 (s, Me, 3 H), 1.56 (s, Me, 
3 H), -0.47 (s, Me, 3 H). 

No reaction was observed with use of ( ~ p ) ~ z r ( P h C H , ) ~  under the 
same conditions. A toluene solution of (cp),ZrPh2 (1.47 g, 3.92 mmol) 
was reacted withp-tolylcarbodiimide (0.90 g, 4.05 mmol) for 36 h at 100 
OC. ((cp),Zr(Ph) [p-MeC6H4Ni-iC(Ph)=NC6H4Me-p]) was recovered 
as an orange crystalline solid (60.5%). Anal. Calcd for C37H34N2Zr: C, 
74.37; H, 5.70; N, 4.69. Found: C, 74.53; H, 5.25; N, 4.78. ‘H NMR 
spectrum (CDCI,): 6 6.92 (Ph, m, 18 H), 5.90 (s, cp, IO H), 2.18 (s, Me, 
3 H), 2.08 (s, Me, 3 H). IR spectrum (Nujol): v(C-N) at 1575 cm-I. 

Reaction of (cp),ZrR2 (R = Me, PhCH,, Ph) with Carbon Dioxide. 
Toluene solutions of complexes 1-111 did not react at room temperature 
under an atmosphere of carbon dioxide. 

A toluene solution of (c~)~ZrMe,  (2.67 g, 10.6 mmol) was pressurized 
in an autoclave under a pressure of 50 atm of COz. The autoclave was 
heated to 80 OC for 24 h. A red-maroon powder was recovered. This 
solid is insoluble in the most common solvents. The IR spectrum 
(poly(trichlorofluoroethy1ene)) showed a broad band at 1510-1455 cm-I, 
which can be assigned to an acetato group symmetrically bonded, either 
bridging or bidentate.lJb The hydrolysis, carried out with use of 15% 
H2S04, gave CH3COOH (7.5 mmol) and methane (6.2 mmol). 

X-ray Crystallography. The crystals selected for study were mounted 
in glass capillaries and sealed under nitrogen. Extensive preliminary 
investigations employing rotation and Weissenberg photographs showed 
the crystals of complex IV to be orthorhombic with systematic absences 
consistent with the space groups Pbcm (or Pca2,) .  The lack of any 
systematic absences indicated the crystals of complex V to be triclinic. 
A crystal of complex (VIII) was mounted in a random orientation on a 
Philips PW 1100 diffractometer; the reduced cell quoted was obtained 
with use of TRACER.I4 Crystal data and details of the parameters as- 
sociated with data collections are given in Table I. Lattice constants 
came from a least-squares refinement of the 28 values for 20 reflections 
having 28 >30° for all the complexes. 

Data were collected at room temperature on single-crystal four-circle 
diffractometers. For intensities and background, individual reflection 
profiles were analyzed as described by Lehmann and LarsenI5 for com- 
plexes IV and V, the “three-point” technique was used for complex VIII. 
The structure amplitudes were obtained after the usual Lorentz and 
polarization reduction,I6 and the absolute scale was established by the 
Wilson method.17 No correction for absorption was applied. The 
function minimized during the least-squares refinement was CwlAF12. 
The weighting scheme used was w = k / [ u 2 ( F o )  + lgl(F:),; k is redet- 
ermined after each structure factor calculation and refined by fitting (IFoI 
- lFC1), to [a2(Fo) + lgl(F:)]/k. The value for g was that giving the 
smallest variation of the mean values of w(lFol - IFc1)2 as a function of 
the magnitude of F,. Anomalous scattering corrections were included 
in all structure factor calculations. Scattering factors for neutral atoms 
were taken from ref 18 for Zr, from ref 19 for 0, C, and N,  and from 
ref 20 for H. Among the low-angle reflections no correction for sec- 
ondary extinction was deemed necessary. 

Residual R and weighted residual R, indices were defined as R = 
Xl11;31 - l ~ c l l / ~ l ~ o l  and R, = [Xw(lFol - IFcl)2/Cw(Fo)21’/2. The 

1.49 (m, 10 H,  CsHl1). 

(14) Lawton, S. L.; Jacobson, R. A. ”TRACER”, a Cell Reduction 
Program”; Ames Laboratory, Iowa State University of Science and 
Technology: Ames, IA, 1965. 

(15) Lehmann, M. S.; Larsen, F. K. Acta Crystallogr., Serf. A:  Cryst. Phys., 
Dijfr., Theor. Gen. Crystallogr. 1974, A30, 580-584. 

(16) Data reduction, structure solution, and refinement were carried out on 
a Cyber 7600 computer of the Centro di Calcolo dell’Italia Nord- 
Orientale, using the SHELX-76 system of crystallographic computer 
programs (Sheldrick, G .  University of Cambridge, 1976). Calculations 
were performed with the financial support of the University of Parma. 

(17) Wilson, A. J. C. Nature (London) 1942, 150, 151-152. 
(1 8) ‘International Tables for X-ray Crystallography”; Kynoch Press; Bir- 

mingham, England, 1974; Vol. IV, pp, 99, 149. 
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Diffr., Theor. Gen. Crystallogr. 1968, A24, 321-324. 
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Table I. Experimental Data for the X-ray Diffraction Studies on Crystalline Complexes IV, V, and VI11 

IV V vi11 

'26 HZ6°Zr C,0H36 OZZr C, ,H2,  NOZr 
cryst syst orthorhombic trjclinic 
space group Pca2, [C:,, no. 291 P1 [C,!,no.2] 
a,  A 25.814 16) 15.817 (2) 

monoclinic 
P2,/na 
11.582 (2) 

Y. deg v. A3 
2 

cryst dimens, mm 
linear abs coeff, cm 
diffractometer 
scan type 
scan speed 
scan width, deg 

radiation 
26 range, deg 
reflcns measd 
std reflcns 
unique total data 
criterion for obsn 
unique obsd data 
no. of variables 

- 1  

8.646 (2) '  18.705 i 3 j  
9.851 (2) 12.965 (2) 
90 104.81 (2) 
90 98.16 (2) 
90 113.98 (2) 
2198.6 (9) 3254.3 (8) 
4 4 
1.35 1.31 
445 .I 639.9 
0.45 X 0.18 X 0.71 
5.03 3.62 

0.45 X 0.06 X 0.75 

Siemens AED 
e/2e 

3-1 2"/min 

Nb-filtered M a K a  (h!= 0.7107 A )  

(0 - 0.5) - [ e  + (0.5 + A@)]  
(A6 = (& - & ) / h  tan e )  

6-5 8 5-46 
hkl rh,-+k,l 
802b 552 
2547 7285 
I > 20(0  I >  2 4 0  
1792 496 3 
210 564 

12.039 i 2 j  
12.243 (2) 
90 
95.73 (2) 
90 
1698.6 (5) 
4 
1.45 
370.6 
0.27 X 0.37 X 0.72 
6.37 
Philips PW 1100 
~ 1 2 6  
0.075"/s 
1.50 

graphite-monochromated Mo Ka ( h  = 0.7107 A)  
6-5 3 
+h,k,l 
404c 
3495 
I >  3 0 0  
2238 
199 

a A nonstandard setting of Ci, [No.  141. Coordinates of equivalent positions are as follows: x ,  y ,  z; x, y, 7 ;  + x ,  - y ,  + z; 'I2 - x ,  
'I2 + y ,  - z. 1 every 50 reflections; no significant changes. 

Table 11. Fractional Atomic Coordinates XlO '  for Complex IV 

1 every 1 h; no significant changes. 

Zr 
01 
C17 
e18 
c 1 9  
e20 
e1 
c2 
c 3  
c 4  
c 5  
C6 
C7 
C8 

-4189 ( 0 )  
-3732 (1) 
-3393 (2) 
-3631 (2) 
-3807 (3) 
-4663 (3) 
-4969 (2) 
-5079 (2) 
-4731 (2) 
-4406 (2) 
-4553 (2) 
-3653 (3) 
-4097 (3) 
-4065 (3) 

-2256 (1) 
-3690 (4) 
-4017 (5) 
-4575 (6) 
-6204 (7) 
-4138 (9) 
-2408 (6) 
-1257 (6) 

-384 (6) 
-1869 (6) 

-92 (6) 
-246 (6) 

-1692 (6) 

-7 (6) 

-5000 (0 )  
-4000 (4) 
-1812 (6) 
-2914 (6) 
-31 11 (7) 
-6061 (10) 
-3448 (7) 
-4435 (7) 
-4229 (7) 
-3115 (7) 
-2633 (7) 
-5955 (8) 
-6793 (8) 
-7471 (8) 

"goodness of fit" parameter (GOF) was determined by the equation 
[Cw(lF0I - IFc1)2/(N0 - NV)]''', where NO is the number of observed 
reflections and NV is the number of variables refined. 

During the refinement the cp and Ph rings of com lexes IV and V 
were treated as rigid regular pentagons (C-C = 1.42 K ) and hexagons 
(c-C = I .39 A), respectively. 

Final atomic coordinates are listed in Tables 11-IV, SI, and SII, and 
thermal parameters are given in Table SIII-V.218 

Structure Solution and Refinement for Complex IV. The 1792 re- 
flections with I > 241) were used in the structure solution and refine- 
ment. The structure was solved by the heavy-atom method. The initial 
assumption of space group PcnZ1, based on E statistics calculated as a 
function of sin 0, resulted in a satisfactory solution and refinement of the 
structure ((IE2 - 11) is equal to 0.75, near the theoretical value accepted 
for noncentrosymmetric structures, 0.74). All the non-hydrogen atoms 
were refined anisotropically by full-matrix least squares down to R = 
0.039. At this point a difference map revealed all the hydrogen atoms, 
which were introduced as fixed contributors in the successive refinement 
with isotropic B fixed at 7.8 A*. Refinement stopped at R = 0.034 and 
R, = 0.036. Since the space group is polar, the chirality of the crystal 
was tested by inverting all coordinates (x, y, z - -x,  -y, -2) and refining 
to convergence again. The resulting values (R = 0.033, R, = 0.035) 

(21) (a) Sec paragraph at the end of paper regarding supplementary mate- 
rial. (b) Pasquali, M.; Floriani, C.; Chiesi-Villa, A,; Guastini, C. Inorg. 
Chem. 1981, 20, 349-355. 

c9 
c10 
c11 
c 1 2  
C13 
C14 
C15 
C16 
c2 1 
c 2 2  
C23 
C24 
C25 
C26 

-3601 (3) 
-3346 (3) 
-3214 (1) 
-2917 (1) 
-2771 (1) 
-2920 (1) 
-3217 (1) 
-3363 (3) 
-3307 (1) 
-3719 (1) 
-3631 (1) 
-3132 (1) 
-2721 (1) 
-2808 (1) 

-2432 (6) 
-1443 (6) 
-2372 
-1693 (3) 

-144 (3) 
725 (3) 

46 (3) 
-1502 (3) 
-4946 (4) 
-5660 (4) 
-6462 (4) 
-6550 (4) 
-5836 (4) 
-5034 (4) 

-7052 (8) 
-6115 (8) 
-1735 (4) 
-2758 (4) 
-2655 (4) 
-1528 (4) 

-505 (4) 
-608 (4) 
-561 (4) 

108 (4) 
1316 (4) 
1853 (4) 
11 84 (4) 
-23 (4) 

indicate that the "inverted" structure should be accepted. The previous 
data were then discarded. 

In the final cycle refinement no parameter shifted by more than 0.4 
times its standard deviation. The overdetermination ratio was 1792:210 
= 8.5, and GOF = 0.95. The values for k and g were 0.2994 and 
0.003 05, respectively. In the final difference map there was no peak 
greater than 0.4 e A". 

Structure Solution and Refmement for Complex V. The structure was 
solved by heavy-atom methods starting from a three-dimensional Pat- 
terson map, which gave the approximate coordinates of the two inde- 
pendent zirconium atoms. Refinement was by blocked (two blocks) 
full-matrix least squares. Owing to the limitations of the local version 
of SHELX (Ni, + 2Na,i, = 160; Ni,, is the number of isotropic atoms, 
Nanb is the number of anisotropic atoms), 16 phenyl carbon atoms were 
refined isotropically, while all the other non-hydrogen atoms were refined 
anisotropically. In the final difference map the only significant peaks 
were in the region geometrically feasible for hydrogen atoms. Due to the 
limitations of the program used, their coordinates could not be introduced 
in calculations. The final R factor was 0.051. Unit weights were used. 
In the last cycle no parameter shifted by more than 0.3 times its standard 
deviation. The overdetermination ratio was 4963:564 N 8.8. 

Structure Solution and Refinement for Complex VIII. The structure 
was solved by the heavy-atom method and refined anisotropically by 
full-matrix least squares without constraints down to the final R and R,  
values of 0.041 and 0.044, respectively (GOF = 1.00). All the hydrogen 
atoms were located in a difference map and introduced in the last three 
cycles of refinement as fixed contributors (isotropic E fixed at 7.8 A2). 
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Table 111. Fractional Atomic Coordinates X104 for Complex V 
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molecule A molecule B 

atom x la v l b  IC x la Y l b  Z l C  

Zr 
0 1  
0 2  
c11  
c12  
C13 
C17 
C18 
c19 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
C23 
C24 
C25 
C26 
c 3  3 
c34  
c35 
C36 
c 4  3 
c44  
c45  
C46 
c 5 3  
c54  
c 5  5 
C56 
c 2 1  
c22  
C31 
C32 
C4 1 
C42 
C5 1 
C5 2 

4316 (1) 
5741 (4) 
4231 (4) 
4041 (5) 
3158 (5) 
4915 (6) 
6971 (6) 
6575 (5) 
6999 (6) 
3645 (5) 
4586 (5) 
4606 (5) 
3677 (5) 
3083 (5) 
4023 (5) 
3101 (5) 
3031 (5) 
3909 (5) 
4522 (5) 
863 (3) 
814 (3) 

1540 (3) 
2315 (3) 
1940 (4) 
2142 (4) 
2702 (4) 
3059 (4) 
9460 (4) 
9454 (4) 
8641 (4) 
7833 (4) 
5939 (4) 
5860 (4) 
6139 (4) 
6497 (4) 
2364 (3) 
1638 (3) 
2856 (4) 
2297 (4) 
7839 (4) 
8652 (4) 
6576 (4) 
6297 (4) 

3299 (0) 
3787 (3) 
4213 (3) 
4487 (5) 
4402 (5) 
4894 (6) 
3387 (5) 
3876 (5) 
4603 (5) 
1775 (4) 
2144 (4) 
2662 (4) 
26 13  (4) 
2065 (4) 
2813 (5) 
2513 (5) 
3310 (5) 
4005 (5) 
3698 (5) 
2911 (3) 
3408 (3) 
4226 (3) 
4548 (3) 
5 179 (4) 
4905 (4) 
4488 (4) 
4345 (4) 
3603 (4) 
3563 (4) 
3462 (4) 
3400 (4) 
2314 (3) 
1524 (3) 
1342 (3) 
1949 (3) 
4051 (3) 
3232 (3) 
4619 (4) 
5036 (4) 
3440 (4) 
3542 (4) 
2739 (3) 
2922 (3) 

5111 (1) 
5317 (4) 
6221 (4) 
7186 (6) 
7206 (6) 
8184 (7) 
5541 (7) 
5913 (6) 
7006 (7) 
4814 (4) 
5542 (4) 
6568 (4) 
6475 (4) 
5391 (4) 
3024 (5) 
3216 (5) 
3713 (5) 
3828 (5) 
3402 (5) 
4896 (4) 
4274 (4) 
4589 (4) 
5527 (4) 
9209 (4) 

10074 (4) 
10024 (4) 
9110 (4) 
6597 (4) 
7656 (4) 
8027 (4) 
7339 (4) 
2406 (4) 
2280 (4) 
3210 (4) 
4265 (4) 
6149 (4) 
5834 (4) 
8246 (4) 
8295 (4) 
6281 (4) 
5909 (4) 
4391 (4) 
3461 (4) 

420 (1) 
1599 (4) 

138 (4) 
122 (6) 

-706 (6) 
1086 (6) 
3134 (6) 
2572 (6) 
2920 (7) 
467 (9) 

1440 (9) 
1639 (9) 
788 (9) 

64 (9) 
-287 (4) 
-975 (4) 

-1325 (4) 
-852 (4) 
-211 (4) 

-3067 (3) 
-3405 (3) 
-2858 (3) 
-1974 (3) 
-1488 (4) 

-827 (4) 
-134 (4) 
-103 (4) 
5822 (3) 
6218 (3) 
5616 (3) 
4618 (3) 
1763 (4) 
2051 (4) 
2690 (4) 
3042 (4) 

-1636 (3) 
-2183 (3) 

-764 (4) 
-1457 (4) 

4222 (3) 
4824 (3) 
2754 (4) 
21 15 (4) 

769 (0) 
711 (1) 

1285 (3) 
1922 (5) 
1972 (51 
2508 (5) 

1145 (5) 
1769 (6) 
1158 (4) 
1473 (4) 
2119 (4) 
2204 (4) 
1611 (4) 

998 (5) 

-724 (4) 
-436 (4) 
-317 (4) 
-531 (4) 
-782 (4) 

-18 (3) 
128 (3) 
864 (3) 

1454 (3) 
3165 (3) 
3988 (3) 
4157 (3) 
3503 (3) 
1658 (3) 
2523 (3) 
2897 (3) 
2406 (3) 

-1147 (3) 
-985 (3) 
-176 (3) 

470 (3) 
1308 (3) 
572 (3) 

2680 (3) 
2511 (3) 
1541 (3) 
1167 (3) 

309 (3) 
-500 (3) 

8127 (1) 
8771 (5) 
9494 ( 5 )  

10247 (6) 
10217 (7) 
11100 (7) 

8539 (7) 
9138 (7) 

10323 (7) 
6411 (5) 
7015 (5) 
8015 (5) 
8029 (5) 
7037 (5) 
6773 (5) 
6564 (5) 
7511 (5) 
8306 (5) 
7850 (5) 
8715 (4) 
7840 (4) 
7663 (4) 
8425 (4) 

12368 (5) 
12561 (5) 
11979 (5) 
11203 (51 
9313 (5) 
9614 (5) 
9568 (5) 
9221 (5) 
6311 (4) 
5392 (4) 
5491 (4) 
6510 (4) 
9364 (4) 
9541 14) 

11009 (5) 
11592 (5) 

8920 (5) 
8966 (5) 
7430 (4) 
7330 (4) 

Table IV. Fractional Atomic Coordinates X104 for Complex VI11 

atom x la Y l b  z lc  atom x la Y l b  zlc 

Zr 3090 (1) 1740 (1) 765 (1) C8 1436 (7) 1102 (6) -587 (7) 
0 1  
N1  
C17 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  

3999 i3j  
3197 (4) 
3701 (4) 
4723 (5) 
5258 (5) 
4934 (5) 
4209 (5) 
4072 (5) 
2248 (6) 
2248 (5) 

1852 i3j 
3345 (3) 
2870 (4) 

588 (5) 
1535 (6) 
2438 (5) 
2048 (5) 

914 (5) 
-201 (5) 

203 (6) 

-816 i3j  
-234 (3) 

-1009 (4) 
1646 (5) 
1264 (5) 
1873 (5) 
2633 (5) 
2498 (5) 
550 (6) 

-490 (6) 

In the final cycle no parameter shifted by more than 0.3 times its 
standard deviation. The overdetermination ratio W ~ S  2238:199 = 11.2. 
The values for k and g were 0.9269 and 0.001 98, respectively. In the 
final difference map there was no peaks above the general background. 

Results and Discussion 

Toluene solutions of dialkylbis(cyclopentadienyl)zirconium( IV), 
(cp)2ZrR2 ( R  = M e  (I), PhCH2 (11), and Ph (II1)),lo have been 
reacted with heterxumulenes, namely diphenylketene, DPK and 
R N C O  ( R  = Ph, 1-naphthyl, CsHl l ) ,  which have features in 
common with carbon dioxide. Reaction of carbon dioxide with 
complexes 1-111 does not occur under ambient conditions, while 
under more drastic conditions only complex I was found to form 
a ill-defined product giving acetic acid upon hydrolysis. The 
Occurrence of the reaction of 1-111 with the C02-like molecules 

c 9  
c10  
c11 
c12 
C13 
C14 
C15 
C16 
C18 
c19 

964 (5 j 
1494 (7) 
2797 (4) 
3426 (4) 
3054 (5) 
2046 (6) 
1401 (6) 
1791 (5) 
3968 (6) 
2041 (5) 

1174 i7j  
396 (6) 

4473 (4) 
5279 (4) 
6379 (5) 
6656 (4) 
5850 (6) 
4760 (5) 
3397 (5) 
3011 (5) 

417 (9) 
1105 (7) 

294 (4) 
253 (5) 

-301 (4) 

-371 (6) 
-965 (7) 
-927 (5) 

-2066 (5) 
1696 (5) 

is less affected by the substituent R a t  the metal, while the nature 
of the C02-like molecule has the major influence. 

Complex I was found to react with diphenylketene, forming 
complexes IV and V by the route we propose in eq 1. The 
insertion of the f i s t  Ph2C=C=0 (DPK) molecule is significantly 
faster; thus, with use of a 1:l Zr /DPK molar ratio, complex IV 
can be isolated in good yield. A longer reaction time along with 
an excess of Ph2C20 allowed us to observe the insertion of a further 
molecule of DPK into the second Zr-Me bond, and complex V 
was isolated as a crystalline solid. Complexes IV and V have been 
structurally characterized by an X-ray analysis (vide infra). The 
insertion of a second DPK molecule into the Zr-Me bond of 
complex V can be ascribed to the plausible precoordination of 
DPK, as depicted in (ii), because of the presence of a vacant 
coordination site a t  the metal. Although significantly slower, 
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/Ph 
Me 

O/ \Ph 
\c=c 

/ 
(cp),Z;-Me 

\O 

I t  

1 

DPK 

V 

reaction 1 occurred with complexes I1 and 111. Complexes 
( ( ~ p ) ~ z r ( P h C H ~ )  [O-C(PhCH,)-CPh,]] (VI) and { ( ~ p ) ~ Z r -  
[O-C(Ph)=CPh212] (VII) were isolated and identified. 

The need of a vacant site on the metal for p r m r d i n a t i o n  of 
the heterocumulene molecule preceding insertion is illustrated by 
the results from the reaction of I with aryl isocyanates (eq 2). 

Me N/k - / 
(cp),Zr ' t ArN=C=O - (cp),zr-hle c// 

'Me Ar= Ph, 1-naphthyl Lo/ 
I i i i  

Me 

Ar 

Ars PMVUI),  I-naphthyl UX) 
Reaction 2 is significantly slower than reaction 1, and it occurred 
only with complexes I and 111, while it was not observed with 
complex 11. Complex 111 reacted with C 6 H l l N C 0  to give 
( (cp) ,Zr(Ph)[~(Ph)NC6Hll ] ]  ( x ) .  In spite of a large excess 
of aryl isocyanate used, a single isocyanate was inserted into the 
Zr -C  bond. The bonding mode of the resulting amido ligand was 
proven by the X-ray analysis on complex VI11 (vide infra). In 
spite of the  chelating bonding mode, the C-N stretching fre- 
quency is relatively high a t  1660 (VIII) and 1655 cm-' (IX). 

p-tolylcarbodiimide was found to react with complexes I and 
I11 only by refluxing the toluene solution for days (see Experi- 
mental Section), while complex I1 did not react to any significant 
extent even with a longer reaction time. A large excess of p -  
tolylcarbodiimide did not affect the nature of the final compound, 
a single insertion only being observed. The structure of X I  has 

NHR --c (cP)pi!r\ t RN=C=NR - (cp&!r-Me // 
Me Ye / 

I I?/ 
Me R - P - M I - C ~ H ~  "dC 

I V  

if 
X l  

C8 
Figure 1. ORTEP drawing for complex IV (30% probability ellipsoids). 

c35 

c23 

c3 

y C 1 8  

c53 

c43 
Figure 2. ORTEP drawing for complex V (molecule A) (30% probability 
ellipsoids). 

been proposed not just by analogy with complexes VI11 and IX. 
Insertion of only one carbodiimide molecule into the Zr-Me bonds 
was observed, as a consequence of the absence of a vacant co- 
ordination site in complex XI. Moreover, a C=N stretching 
frequency lower than 1550 cm-' is in agreement with the sym- 
metric bidentate bonding mode of the amidino ligand.21b Before 
we discuss the common characteristics and differences of reactions 
1-3, a common account on the structures of complexes IV, V, and 
VI11 is given below. 

h n p t i o n  of tbe structures. Figures 1-4 show ORTEP views 
of the molecular structures of complexes IV, V, and VIII. There 
are  two crystallographically independent molecules in the asym- 
metric unit of complex V. The most relevant bond distances and 
angles a re  listed in Tables V and VI. The geometries of the 
( ~ p ) ~ Z r  unit in the three complexes are very similar with the c p Z r  
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c53 

W 
c43 

Figure 3. ORTEP drawing for complex V (molecule B) (30% probability 
ellipsoids). 

C6 

c1  

c2 

C14 

Figure 4. ORTEP drawing for complex VI11 (30% probability ellipsoids). 

distances ranging from 2.206 (8) to 2.243 (7) A and with the 
angles cpl-Zr-cp2 varying from 128.5 (2) to 129.5 (2)O?’* The 
bent (cp)2Zr makes an equatorial cavity, where the atoms of the 
skeleton of the organic ligands and the alkyl carbon are  located. 
The dihedral angles between the Zr ,  cp l ,  cp2 plane and the 
“equatorial” best planes Zr, 0 1 ,  C20 in complex IV, Zr, 0 1 , 0 2  
in complex V, and Zr, 01, N1, C19 in complex VI11 are 89.8 ( 6 ) O  
in complex IV, 89.1 (6) and 89.7 ( 6 ) O  (molecules A and B, re- 
spectively) in complex v, and 89.6 (6)O in complex VIII. The 
features of the (cp),Zr fragment are  almost independent of the 
other ligands on the metal. 

Zirconium-oxygen bonds in complexes IV (1.975 (3) A) and 
V (1.966 (7) A) are very close to t h a e  found in other complexes 
where this bond has some double-bond character.*& Bond dis- 
tances and angles within the vinyl-oxo ligand are as expected, with 

(22) (a) Fachinetti, G.; Floriani, C.; Chiesi-Villa, A.; Guastini. C. J .  Am. 
Chem. Soc. 1979, 101,1767-1775. (b) Atwood, J. L.; Rogers, R. D.; 
Hunter, W. E.; Floriani, C.; Fachinetti, G.; Chiesi-Villa, A. Znorg. 
Chem. 1980, 19, 3182-3817. (c) Hunter, W. E.; Atwood, J. L.; Fa- 
chinetti, G.; Floriani, C. J .  Organome?. Chem. 1981, 204, 67-74. (d) 
Gambarotta, S.; Floriani, C.; Chicsi-Villa, A.; Guastini, C. Inorg. Chem. 
1983, 22, 2029-2034. 
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Table V. Selected Bond Distances (A) and Angles (degY 
V 

IV A B 

Zr-01 
Zr-cpl 
Zr-cp2 
zr-x 
01 -Zr-cp 1 
01-Zr-cp2 
01-Zr-X 
X-Zr-cpl 
X-Zr-cp2 
cp 1-Zr-cp2 
01x18 
C17C18 
C18-Cl9 
02-c11 
c1 1x1 2 
C11C13 
Zr-Ol-Cl8 
01C18-Cl7 
C17-Cl8-Cl9 
Ol-Cl8-Cl9 
Zr-02-C11 
02-Cll-c12 
C12-CllC13 
02-Cll-Cl3 

C17-C11 

C18-Cl7-Cll 
C18-Cl7C21 

1.975 (3) 2.004 (6) 
2.218 (6) 2.219 (7) 
2.206 (8) 2.226 (8) 
2.289 (8) 1.999 (6) 
109.5 (2) 106.4 (3) 
109.4 (2) 104.6 (2) 
95.8 (2) 101.3 (2) 

103.8 (3) 106.1 (2) 
103.4 (3) 106.8 (3) 
129.2 (2) 128.5 (2) 
1.341 (7) 1.35 (1) 
1.337 (8) 1.34 (1) 
1.493 (8) 1.52 (1) 

1.35 (1) 
1.35 (1) 
1.52 (1) 

150.8 (3) 144.2 ( 5 )  
122.1 ( 5 )  122.5 (7) 
125.9 ( 5 )  125.7 (8) 
112.1 (5) 111.8 (7) 

148.6 ( 5 )  
121.1 (7) 
126.0 (7) 
112.9 (7) 

Complex IV 
1.497 ( 5 )  C17-C21 

121.7 ( 5 )  Cll-C17-C21 
123.1 (4) 

Complex V 

1.989 (7) 
2.222 (8) 
2.237 ( 5 )  
1.993 (7) 
106.4 (3) 
104.8 (3) 
101.4 (3) 
106.7 (3) 
106.1 (3) 
128.5 (2) 
1.35 (1) 
1.33 (1) 
1.53 (1) 
1.35 (1) 
1.35 (1) 
1.51 (1) 
143.5 (6) 
122.3 (8) 
125.5 (9) 
112.1 (8) 
153.8 (5) 
120.2 (7) 
126.5 (8) 
113.2 (8) 

1.488 (7) 
115.1 (4) 

A B 

C17-C41 1.51 (1) 1.52 (1) 
C17-C51 1.51 (1) 1.51 (1) 
c12-c21 1.51 (1) 1.51 (1) 
C12-C31 1.51 (1) 1.50 (1) 
C18-Cl7C41 120.9 (7) 121.6 (8) 
C18-C17-C51 123.2 (8) 123.3 (8) 
c41-c17-c51 115.9 (7) 115.2 (7) 
Cll-C12-C21 121.3 (7) 121.1 (8) 
Cll-C12-C31 124.9 (7) 122.7 (8) 
C21-Cl2C31 113.9 (6) 116.2 (7) 

a X = C20 for complex IV; X = 0 2  for complex V. 

Table VI. Selected Bond Distances (A) and Angles (deg) 
for Complex VI11 

Zr-01 2.298 (4) 01-C17 1.289 (6) 
Zr-N1 2.297 (4) N1-C17 1.296 (6) 

1.435 (6) 
Zr-cpl 2.233 (6) C17-Cl8 1.501 (8) 
Zr-cp2 2.243 (7) N1-C11 
Zr-Cl9 2.322 (6) 

01-Zr-cpl 99.5 (2) cpl-Zr-cp2 129.5 (2) 
01-Zr-cp2 99.1 (2) Zr-OlC17 94.2 (3) 
01-Zr-N1 56.5 (1) Zr-N1-C17 94.1 (3) 
01-Zr-C19 132.9 (2) Zr-Nl-Cll 142.4 (3) 
N1-Zr-cpl 112.3 (2) C17-Nl-Cll 122.9 (4) 

N1-ZrC19 76.5 (2) OlC17-Cl8 119.1 ( 5 )  

C19-Zr-cp2 100.2 (3) 

Nl-Zr-cp2 117.1 (2) 01C17-Nl  114.7 (4) 

C19-Zr-cpl 100.4 (2) Nl-Cl7-Cl8 126.3 ( 5 )  

C-O distances having “single-bond” character (see Table V) and 
C-C distances double-bond character (C17-C18 = 1.337 A in 
complex IV and 1.34 (1) and 1.33 (1) A for molecules A and B, 
respectively, in complex V). The sets of atoms 01, C17, C18, 
C19 (complexes IV and V and 0 2 ,  C11, C12, C13 (complex V) 
a re  coplanar; the dihedral angles between the two planes in 
complex V are  34.8 (4) and 25.8 (4)O for molecules A and B, 
respectively. The zirconium atom is out of the planes of the 
vinyl-oxo ligand, by a distance varying from 0.84 (1) to 1.146 
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( 1 ) O  A (Table SVII). The two independent A and B molecules 
of complex V are  correlated by a pseudo glide plane and differ 
significantly only in the twist of some fragments, probably as a 
consequence of crystal-packing effects. The most significant 
differences concern the torsion around the Zr-02 bond (the torsion 
angle 01 -Zr -02-Cl l  is 111.1 (9) and 103.7 (l0)O in molecules 
A and B, respectively) and the mutual orientation of the C21 ... C26 
and C31 ... C36 phenyl rings, the dihedral angles between them 
being 90.6 (8) and 76.6 ( 8 ) O  in A and B, respectively. 

In complex VI11 the N l - C l 7  distance (1.296 (6) A) is slightly 
but significantly lon er than the value accepted for a Nsp-C p2 

is slightly but significantly shorter than the value observed for 
0-C, single bond (e.g. 1.35 (1) A (mean value) in complexes 

O-C-N unit. The values of N l - C l l  and C17-Cl8 distances 
(Table VI) correspond well to single bonds. The 0 1 ,  C17, C18, 
N1,  C l l  atoms are  coplanar within experimental error, and 
zirconium is out of this plane by 0.264 (1) A. The nitrogen atom 
is slightly pyramidal, deviating by 0.071 (4) A from the plane 
through Zr, C17, C11. Zr-Me bond distances are very close to 
those found in other methyl derivatives6V2ld (Zr-C20 = 2.289 (8) 
A, complex IV; Zr-C19 = 2.322 (6) A, complex V). 

Migratory aptitudes of the alkyl ligands in complexes 1-111 are 
rather close in reaction with carbon m~noxide,’~ while they behave 
differently with COz and COz-like molecules. It is quite difficult, 
in the absence of any quantitative assessment, to define a trend, 
through methyl is more reactive than phenyl, while benzyl is the 
least reactive and it reacts only with DPK. The observed difference 
is higher than that observed in the case of carbon monoxide, and 
this depends on the completely different characteristics of these 
two molecules. The polarization, i.e., of the M-R bond may have 
a much greater influence in the insertion of an electrophilic 
molecule such as C 0 2 .  The insertion of DPK into both Z r - C  
bonds, while isocyanates and p-tolylcarbodiimide insert into a 
single Zr-C bond, emphasizes the crucial role the coordination 
of the COz-like molecule to the metal has before the migration 
of the alkyl group to the carbon of the heterocumulene can occur. 
Such a kind of precoordination seems to have a double function, 
that of providing in a close geometrical proximity the group to 
which the alkyl group can migrate and that of enhancing the 
polarization of the inserting molecule. A combination of the two 
factors may be responsible for the occurrence of the insertion of 
C02 and C02-like molecules into a metal-carbon bond. 

Therefore, the easiest insertion of DPK can be related to the 
fact that it is the most polarized cumulene structure. Isocyanates 
insert better than p-tolylcarbodiimide, which has a symmetric 
structure. Coordination of one of the nitrogen atoms of the 
carbodiimide to the acidic metal can promote, in a preliminary 
step, a polarization of the X=C=X structure, suitable for the 
migration of R.  Carbodiimides are known to bind a metal through 
the lone pairs of the nitrogen atoms,23 while such a bonding mode 

double bond (1.26 R ) and the 01-C17 distance (1.289 (6) A) 

IV an 8‘ V). This suggests some electronic delocalization over the 
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has never been found for COz even in the presence of very strong 
Lewis acids. On these basis, we expect C 0 2  to be the most difficult 
to insert into a Zr-C bond. 

Following the observation outlined above, insertion of C 0 2  and 
heteroallenes into a M - C  o-bond, in complexes such as 1-111, can 
be promoted as reported in (4). Precoordination of the hetero- 

a 

cumulene molecule can be viewed as involving the interaction with 
the M-R polarized structure rather than with the single metallic 
site, in a sort of bifunctional activation b.24 Such a picture is 

x=c=x 
It 

M-R 

b 

very similar to that (a) given in reaction 4. Carbon dioxide has 
been reported to prefer such a kind of “bifunctional” interaction 
either when it is involved in simple reactions2’ or when it is in- 
teracting with inorganic complexes.26 The present results em- 
phasize how the utilization of molecules resembling C 0 2  can help 
the understanding of the factors controlling metal-promoted COz 
transformations. 
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