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The crystal and molecular structure of ($-CSH5)2Zr[C4(CSH5)4] has been deter- 
mined by single crystal X-ray diffraction methods. The compound is isostruc- 
tural with its titanium and hafnium analogues, and crystallizes in the mono- 
clinic space group PZ,/n with unit cell parameters a = 13.790(5), b = 11.136(5), 
c = l&692(7) A., fi = 92.82(4)“, and pcalc = 1.34 g cmm3 for 2 = 4. Full-matrix 
least-squares refinement converged with a conventional R value of 0.049 for 
2986 observed reflections. The metallocyclic ring is planar to within 0.05 A, 
and the ?r-electron density is largely localized. The two independent Zr--C(a) 
bond lengths are 2.250(5) and 2.265(6) AC. The Zr--C($) distances range from 
2.482(6) to 2.546(7) -hl, and average 2.521(20) A. A comparison of zirconium- 
and hafnium-carbon bonds based on the data available shows that for M = Hf 
the M-C bonds are shorter for all cases: C(W), C(sp’), C(sp3), C($). 

Introduction 

The inorganic chemistry of zirconium and hafnium is quite similar due in 
large measure to the atomic (1.45 vs. 1.44 A) and 4+ ionic radii (0.74 vs. 
0.75 A) Cl]. However, substantial but unexpected differences in metal%ar- 
bon(G) bond lengths have been reported. In ($-C,H,),M(CH,), (M = Zr, Hf) 
[2] the Zr-C(o) bond length, 2.251(6) & is significantly shorter than the Hf- 
C(o) length, 2.332(12) A *. Similar Z-(o) bond distances have been found in 

* The X-ray crystal structures of <~.5C~Hs)zhI[CH<C6H5)t32 (M = Zr. Hf) have been reported [31. 

but electronic effects involving the M-C(u) bond appear to be overridden by the steric require- 
ments of the diphenylmetbyl lipand_ 
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($-C,H&Zr[CH,Si(CH,),I,, [4], 2.278(4) & and in (q5-C5H,),Zr- 
[CH,C(CH,),], [4], 2.289(11) & while the Hf-C(o) length has seemingly been 
substantiated in the structures of (q5-C,H&Hf(CH,), [5], 2.35(3) A, and of 
C(V~-CSH,),H~(CH&O [51,2.295(14) AL. 

In view of the above mentioned studies it was surprising to find the Hf-C(o) 
distance given as 2.20(3) A in (~5-C,-H5),Hf[C,(C,H5),] [S]. Clearly the large 
discrepancy between Hf-C(sp3) and Hf-C(sp*) lengths could not be attributed 
simply to the change in carbon atom hybridization. To add to this body of con- 
flicting data, the previous report of the structure of (q5-C,H5),Hf(CH3)2 is now 
thought to be in fact that of (q5-C5H5),Hf(CH,)CI with crystallographic dis- 
order of the sigma-bonded ligands [ 71. 

Our interest in (q5-C,H,),Zr[C,(C,H,),] was thus two-fold. FirstIy, the struc- 
ture of the title compound was needed for comparison with those of the titani- 
um and hafnium analogues in order to further clarify the M-C(o) situation_ 
SecondIy, the reaction of ($-C,H5),ZrtCa(C,H5), J and (q5-C5H5),Ti[C,(C,H5)J 
shows significant differences_ Attempts to isolate (q5-C,H,),Zr(CO)[C,(C,H,),] 
have been unsuccessful [8,9], and the catalytic properties of hydrocarbon solu- 
tions containing (q5-C,H,)2Zr(C0)2 and C2(C6H5), with respect to hydrogena- 
tion are very low compared with those of solutions of ($-C,H,),Ti(CO)- 
[C,(G$-W,I I WOl- 

Experimental 

A. Reaction between (~5-C5H5)Zr(CO)2and(Cfi5)~C~ 

(q5-C5H5)Zr(CO), (0.728 g, 2.63 mmol) was dissolved in heptane (50 mI) to 
which diphenylacetylene (1.90 g, 10.7 mmol) was added. The solution was 
kept in vacua for several hours, then heated at 80°C for 4 h. The color of the 
solution became red-brown and the IR spectrum showed the absence of 
(?J~-C,H,),Z~(CO)~. The solution on cooling gave orange crystals of (q5C5H5)2- 
Zr[C,(C,H&] (ca. 51%), which were filtered and dried in vacua. Analytical 
and spectroscopic data agreed with those reported in the literature [9,11]. 

TABLE 1 

CRY9TALDATAFOR(+15~gHg)2MCCq(C6Hg)4](M=Tio. ~r,Hfa) 

Ti zr Hf 

Mol. wt. 534.6 577.9 665.2 
Linear abs. coeff.,p(cm-1) 3.47 4.04 38.55 
Calcd_density (gcmm3) 1.26 1.34 1.54 
Spacegroup P211" P21fn 
Molecules/unitcell 

P21/" 
4 4 4 

ce~~constantsb. 

aw 13.758(5) 13.790(5) 13.822<8) 
WV 11.059(5) 11.136(5) 11.149<8) 
c(-w 18.492(6) 18.692(7) 18.694(g) 
P(des) 93.76(3) 

Cellvol.(A3) 
92.82(4) 93.18(5) 

2807.4 2867.0 2876.4 

= Fromref. 6-b MO-K~radiation.hO.71069 a. Ambienttemperatu~e of 22OC. 
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B. X-ray data c&ection, solution and refinement of the structure 
Crystals suitable for the X-ray study were grown by slow cooling of a tolu- 

ene solution, and sealed in thin-walled glass capillaries. The final lattice param- 
eters, determined from a least-squares refinement of the angular settings of 15 
accurately centered reflections, are given in Table 1. The diffracted intensities 
were collected on an Enraf-Nonius CAD-4 diffractometer in the usual manner 
1121. 

One independent quadrant of data was measured out to 26 = 50”. A total of 
2986 observed reflections [I Z 30(I)] were obtained. The intensities were cor- 
rected for Lorentz and polarization effects but not for absorption_ 

The full-matrix least-squares refinement was carried out using the Busing and 
Levy program ORFLS *. The function W( IF, I - IF, I)* was minimized. No cor- 
rections were made for extinction. Neutral atom scattering factors were taken 
from the compilations of Cromer and Waber 1133 for Zr and C. The scattering 
for zirconium was corrected for the real and imaginary components of anoma- 
lous dispersion with the table of Cromer and Liberman [ l4]_ The hydrogen 
atom scattering factors were from ref. 15. 

Since (pS-C,H,),Zlr[C4(CgH5)4] is isostructural with its titanium and hafnium 
analogues, the coordinates for the titanium compound were used for the refine- 
ment. Two cycles with isotropic thermal parameters followed by two with 
anisotropic ones gave 

RI = [z(IFol - IF,l)/~IF,1] = 0.062 

R2 = [~:w(lFOl - IF,I)2/~w(F,)Z ] I’* = 0.065 . 

Placement of the hydrogen atoms in calculated positions followed by further 
refinement of the nonhydrogen parameters led to final values of R 1 = 0.049 
and Rz = 0.053. Unit weights were used at all stages and unobserved reflections 
were not included. The largest parameter shifts in the final cycle of refinement 
were less than 0.02 of their estimated standard deviations. The final value of 
the es-d. of an observation of unit weight was 2.07. The final values of the posi- 
tional and them& parameters are given in Table 2 **. 

Discussion 

The range of Zr-C(sp3) bond lengths extends from 2.251(6) J% in ($-C&H,),- 
Zr(CH,), [2] to 2.447(6) A in ($-C,H,),Zr($-C,H,) 1171. The “normal” value 
may be taken as the 2.283(3) & found for (qS-C,H&G(CH,), [7]_ Several 
determinations have been carried out on organohafnium compounds, but the 
most reliable Hf-C(sp3) distance is the 2.236( 5) A in (g5-C&)2Hf(CH3), 173. 

* Other crvstaBographic programs used on a UNIVAC 1110 include ORFFE (distance and angles 
with es.d.‘s. by W.R. Busing. K-0. Martin and H.A. Levy). FOURIER (Fourier s$nthesis, D.J. 
Hodgson’s version of Dellaca and Robinson’s program). ORABS <absorption correction. by D.J. 
Wehe. W.R. Busing and H.A. Levy). ORTEP <thermal ellipsoid drawings. by C-K. Johnson). and 
BPL (least-squares planes. by W.E. Hunter). 

** See NAPS Document No. 03722 for 23 pages of supplementary material. Order from NAPS. c/o 
Microfiche Publications. P.O. Box 3513. Grand CentrP Station. New York, N.Y. 10017. Remit in 
advance. in U.S. funds only. $5.75 for photocopies or $3.00 for microfiche_ Outside the U.S. and 
Canada add postage of S 3 for photocopy and S 1 for microfiche. 
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Fig. I. molecular structure of l,l-bis(~~syclopentadienyl)-2,3.4.5-tetraphenylz~conole. 

In the only previous structural report on a compound containing a Zr-C(sp2) 
bond, (q5-C,H,),Zr(C,H,)[CH{Si(CH,)J,] [171 the length is 2.324(7) A. This, 
however, is elongated due to steric problems. In ($-CSH,),Zr[C4(C,H5)J (Fig- 
ure 1, Table 3), the two independent sigma bond lengths are 2.250(5) and 
2.265(6) A. These are near the expected value based on the Zr--C(sp3) distance 
and the change in carbon atom hybridization_ 

If one neglects the reports on the hafnium-containing compounds given in 
references 2 and 5 the metal-carbon lengths fall into a reasonable pattern (Ta- 
ble 4) *. The sigma bond lengths follow closely the trend expected from a con- 
sideration of carbon atom hybridization. For M = Hf, the M-C bonds are 
shorter than for M = Zr in all cases: C(q), C(sp2), C(sp3), C($-). 

It is difficult to compare the title compound to its hafnium analogue because 
of the relative inaccuracy of the structure of the latter. Similarities with 
(q5-C,H,),Ti[ C,( C6H5)J, especially with respect to the five-membered hetero- 
cyclic ring, bear mentioning. The two Zr--C(cr) lengths are different, but not 
significantly; A = 0.015 a = 1.90. For the titanium analogue the sigma dis- 
tances exhibited A = 4-40. Even though discrepancies such as these have been 

* Reference 7 gives the details of the structures of (+&H5)2Zr(CH~)2. ($-C5H5)2Hf(CH3)2, 
<T~-GHs)~~(CH~)CL and C<s5-C5Hs)~Zr<CH3)120. Therein an analysis of the crytidhgraphic 

dimrder in b?S-C~H~)+ZrWH3)cI affords the strong indication that the previo~y reported druc- 

tme of (~5-%Hs)zHfWH3)~ is actually that of (+cF~H~)~H~(CH~)CI. There f~ also a possmmy 
that the S~HX Problem PetitiS to the study of <q5-CgH7)2Hf(CH3)2 given in reference 2. 
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TABLE 3 

COMPARISON OF BOND LENGTHS AND ANGLES FOR l,1-BIS(~S-CYCLOPENTADIENYL)-2.3.4.5- 
TETRAPHENYLZIRCONOLE AND ITS TITANIUM AND HAFNIUM ANALOGUES = 

Bond Bond length (i%) 

Titanium Zirconium HafniWIl 

M-C(l) 2.172<5) 

M-C(4) 2.141(5) 

M-C(5) 2.404(6) 

M-C(6) 2.380(6) 

M-C(7) 2.364(6) 

M-C(S) 2.384(5) 

M-C(9) 2.408<6) 

M-c(10) 2.338<6) 

M-all) 2.389(6) 

M-C(l2) 2.413(6) 
M-C(l3j 2.402<6) 

M-C(l4) 2.374(6) 

M-C(+)AV 2.386(22) 

C(l)-a2) 
w)-c(~) 
C<3j--C<4j 

1.369(6) 
l-495(6) 
l-370(6) 

Bondangle(deg) 

2.265(6) 

2.2.50(5) 

2.531(6) 
2.540(6) 

2.486(7) 

2.512(7) 
2.527<6) 

2.482(6) 

2.508<7) 

2.529(7) 

2.546(7) 

2.531(7) 

2.521(20) 

i-363(7) 
1.500(7) 

1.358(S) 

2.22(2) 

2.18(2) 

2.52(3) 
2.48(2) 

2.44(2) 

2.49(3) 
2.51(2) 

2.45(3) 

2.49(3) 
2.51(2) 
2.54<3) 

2.50(2) 
2.49(3) 

l-39(3) 
l-51(3) 
l-36(2) 

Titanium 

c(1)--w-c(4) 

M-CW-CX2) 

M-c(4)-c(3) 

c(i~cca~(3) 

C(2)--c(3)-C(4) 
Centl-M-Cent2 
Centl-M-C(l) 

Centl-M-C(4) 

Cent2-M-C(l) 
Cent2-M-(4) 

80.3(2) 
111-O(3) 
112.5(3) 

118.5(4) 

i17.4(4) 
134.8<3) 
104-l(3) 

111.0(3) 
109.6(3) 
103.7<3) 

Zirconium 

77.5(2) 
111-S(4) 
112.0<4) 

118.5(5) 
119.4(5) 
134.3 
104.2 

112.1 
110.7 
103.7 

Hafnium 

78.7<8) 

114.1(S) 
113.1<8) 

114(2) 
120(2) 
134(l) 
103(l) 

113(l) 
111(l) 
103(l) 

a Data for titanium and hafnium are taken from ref. 6. 

TABLE 4 

VARIATION OF BOND LENGTHS WITH CARBON ATOM HYBRIDIZATION 

Length Compound M 

Zi Hf 

Ref. 

Zr Hf 

M-+X$) 
C(+CSH~)~M(CH$I 20 
k?5+H,j,<CH2)3 ) MCI2 

(+C~Hg)2MCCH(C5HS)21 2 
<+CsH&M<CH$, 

(056gHg)2MCCq(C5Hg)41 
c(S5-CsH&M(CH3)J 20 

2.187<4) 

2.258<11) 

2.251<6) 

2.283(S) 

2.266(7) 

2.494(4) 

2.513(15) 

2.52(l) 

2.52(2) 

2.53(2) 

2.171(S) 20 21 
2.20<3) thisstudy 6 
2.332(12) 2 2 

2.236(5) 7 7 
2.295(14) 7 5 
2.482(4) 22 23 

2.46(5) 3 3 
2.50(2) 7 7 
2.49(3) this study 6 
2.51(l) 7 5 
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discussed in some detail 16,181, it is likely that they are only crystallographic 
artifacts. Other parameters of the metallocyclic ring are comparabie to the tita- 
nium case. One finds the presence of isolated doubIe bonds with C(l)-C(2), 

1.363(7) A, and C(3)-C(4), l-358(8) A. The C=C standard is 1.334 _& [19]. 
The C(2)-C(3) single bond distance, 1.500(7) A, is as expected for two sp* hy- 
bridized carbon atoms. The ring defined by Zr, C(l), C(2), C(3), and C(4) is 
planar to within 0.05 A *_ The only apparent major difference is the 3” con- 
traction of the C(l)-Zr-C(4) angle compared to the titanium analogue, but 
this is attributed to the difference in M-C(o) bond lengths. 
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