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Summary 

The structure of (~5-trimetl~ylsilylcyclopentadienyl)(~4-tetraphenylcyclo- 
butadiene)cobalt, ((CH3),SiC,H4)Co((C,H,),C,), has been determined by 
single crystal X-ray diffraction.techniques using three-dimensional data collected 
on an automatic diffractometer_ The crystals are monoclinic, space group 
P2,/c, with lattice parameters (1 11.551(l), b 16.352(6), c 18.324(2) A, /3 
122.85(1)~ with four molecules in the unit cell. The structure consists of 
discrete molecules in which a cobalt atom is sandwiched between the ~5-cyclo- 
pentadienyl (Cp) and the q4-cyclobutadiene (Cb) ligands bonded to the metal 
in the hapto mode. The perpendicular distances Co---(Cp) and Co--.(Cb) of 
1.688 and 1.699 A, respectively, as well as the dihedral angle of 6.9” between 
the two rings and the distortions of their side groups, indicate steric interactions 
within the molecule. The Cb ring is planar within 0.015 A and has a rectangular 
shape with edges of l-480(5) and l-463(3) A. The Cp ring, which is planar to 
within 0.005 A, appears to be highly distorted by the trimethylsilyl group, which 
induces a lengthening of the C-C distances involving the substituted carbon 
atom (l-440(7) A) and a narrowing of the corresponding bond angle (105.3(2)“). 

Introduction 

The aromatic-type reactivity of metallocenes of the type (r-cyclopentadienyl)- 
(tetraphenylcyclobutadiene)cobalt has been extensively studied by Rausch and. 
Genetti who developed a useful route to the synthesis of several r-cyclopenta- 
dienyl-substituted derivatives Cl]_ The structural analysis of some of such com- 
pounds has been carried out [Z], but few accurate sfxuctural data are yet avail- 
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able, pa-titularly for derivatives containing bulky groups \vhich would cause 
some distortions in the sandwich compounds. \Vith this aim ~vc have unclert.aken 
the X-ray determination of the structure of the trimet.hylsilyl derivative ($-tri- 
n~ethylsilylc-~clopentaclie~~yl)(7~J-t.etmpllen~~l~~~lo~~lItac!icnc)col~alt, (R!c,SiCp)- 
Co(Ph,Cb). 

Experimental 

X-ray data 
Preliminary Neissenberg and precession photogral~Iis showed t.lie red-brown 

crystals to be monoclinic, space group P2,/c from syst.emat.ic absences (1201 
with 1 odd and Ok0 with k odd). Cell dimensions were determined from 31 
accurately centered reflections on an AED Siemens diffractometer using the 
MO-K, radiation_ (X 0.7107 .k). The results are: n 11.551(l), b 16.352(6), c 
18.324(2) K and fi 122_S5(1)“; V 2907.6 Axi’. Assuming Z = 4 the calculated 
density is 1.262 g cme3_ 

Intensity data were collected by the w - 29 scan technique out to a value of 
2&,, = 54” with Zr-filtered MO-K, radiation at a 3.5” take-off angle. A total of 
6414 reflections were scanned in the hi:1 and hkl octants. Of these 4153 were 
found. to have intensities equal to or greater than 30(I) and were corrected for 
Lorentz and polarization factors. No correction for absorption (II = 6.78 cm-’ 
for IMO-K, radiation, 0.14 < pr < 0.23) or anomalous dispersion was applied. 

Structure determination and refinemerzt 
The structure was solved by conventional Patterson and Fourier methods and 

refined by the block-diagonal matrix least-squares technique using programs 
described in ref. 3. After anisotropic refinement (R = 0.05i) a three-dimensional 
difference Fourier synthesis was calculated to locate the hydrogen atoms. The 
calculated positions of these (C-H 0.98 K) all occurred in regions of positive 
electron density. Final anisotropic refinement where the contribution of the 
hydrogen atoms was held constant (B = 5 A’) reduced the conventional R fat- 
tor to 0.030 and R, to 0.042 _ The final weighting scheme was w = l/(A + 
lFol + BIFolz), where A = 6.0 and B = 0.0040 were chosen so to maintain 
w(lF,l - lF,l)2 essentially constant over all ranges of F,, and (sin B/h). Final 
atomic parameters are listed in Tables 1 and 2, together with their estimated 
standard deviations calculated from the residuals and the diagonal elements 
of the inverse matrix of the last minimization cycle. A table of structure factors 
is available from the authors. Atomic scattering factors were calculated accord- 
ing to ref_ 4. Bond lengths and angles are listed in Table 3 and mean planes are 
given in Table 4. The numbering scheme for the atoms is shown in Fig. 1. 

Results and discussion 

The crystal structure consists of discrete molecules (Me,SiCp)Co(Ph,Cb), 
where the metal atom is “sandwiched” between the two 7r ligands (Fig. 2). 
The cyclobutadiene ring is planar within k0.0073 _& with an average C-C dis- 
tance of 1.471(10) A, close to that found in other metal-Cb complexes 
(Table 5). However it is interesting to observe that a pair of opposite distances 

cont. on p. 100. 
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TAULIl I (c~bntinned) 
- ~ 

.x Y Z 
~_______ 

II(27) 625-1 2160 f7K 
II(28) -t6"0 2652 i8ti 

II(30) 102-Z i20 281 
H(31) ---t15 1793 -tSS 
H(32) 160 I659 2050 
H(33) 1956 5 2 2 2815 
lH(34) 2387 -2000 1 'ii6 
"H(34) 1008 -1514 1101 
3H(34) 1609 -l-Z72 1'118 
lH(35) 248'7 -632 353 
2H(35) 3873 -1122 1010 
3H(35) 3891 -145 982 
lH(36) -1202 -3:a --_ 3352 
2H(36) 5070 -115 3033 
38(36) 5022 -1092 3032 

TABLE2 

ANISOTROPIC TEMPER:\TURE FACTORS(X 105)WITH STANDARD DEVIATIONS IN 

P_ARENTHESES,INTHE FORLI:exp- (h'B,l+k'B-~+ l*B33+ hl:Blz+ ~llBIj+~ilB23) 
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601(S) 
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2. Pkme containing C(5). C(G). C(i), C(8). C(9). C(l0) 
11.098 s + 4.1383 y -- i.900” z = 3.08GR 

C(5) -+.005-I C(4) 0.0045 

C(6) 0.0042 

C(‘7) 0.0027 

C(8) 4-0080 

C(I)) 0_001;3 

C<lO) 0.0005 

3. Planecontaining C(11). C(12). C(13). C(14). C(15). C(16) 

C(11) -0.0005 C(1) 0.0310 

C(12) 0.0017 

C(l3) -0.0006 

C(l4) -iLoo 

C(15) 0.0030 
C(l6) -0.0018 

4_ Plane containing C(17L C(18). C(19). C(20). C(21). C(22) 
-1.3558 x t 14.642 y + i-7972 t = 1.7516 

C(17) -0.0159 C(2) -0.0857 

C(l8) 0.0075 
C(l9) 0.0056 

C(20) -i%o100 

C(21) 0.0012 

C(22) 0.0117 

5. Plane containing C(23). C(24). C(25). C(26). C(27). C(28) 
4.2354 x + 9.2002 y + 7.7593 z = 5.0029 

CX23) -0_0012 C(3) 0.0818 

C(24 0.0011 

C(25) -0.0009~ 

C(26) 0.0009 

C(27) -0.0,010 

C(28) 0.0012 

6. Plane containing C(29). C(30). C(31). C(32). C(33) 
7.8621 x + 10.892 y - 2.0895 z = 1.5116 

C(29) -0.0025 CO 1.688 

C(30) 0.0016 Si -+X2237 
C(31) 0.0000 

C:32) -0.0016 
C(33) 0.0026 

a r, Y, t are fractional coordinates. 

is longer (l-480(5) A) than in other one (l-463(3) a) so that the Cb ring is 
slightly distorted towards a rectangular shape (mean C-C-C angle, 90,0(2)“). 
This difference, if significant, could indicate incomplete conjugation in the 
four-membered cycle. Unfortunately the structures of other Cb complexes 
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Fig_ 1. _& projection of the molecr~le along the normal ro the four-membered ring with the numbering 

scheme for the atoms. 

are not accurate enough to reveal the esistence of LL similar distortion. A severe 
distortion towards a trapezoid shape has been observed in the cis isomer of 
(bis(trin~ethylsilyl)(diphenylcyclobutadiene)cyclopentadienylcob~t, while a 
rect.angular shape is clearly present in uncoordinated [4]-annulene derivatives 
[6,7], in agreement with photoelectron spectra which can only be explained 
on the basis of localized double bonds linked through essentially single bonds 
[a]. Thus it seems likely that the four-membered ring is actually rectangular, 
mos’u of the double bond localization being-removed by coordination to the 
cobalt atom. 

P’ig. 2. A perspective view of the molecule. 
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The phenyl groups of the Cb ring are bent away from the metal atom (Table 
4) and are twisted about their bonds t.0 the four-membered ring at angles of 
-13.7, 54.9, 56.7 and 3S.S” (rings at C(5), C(ll), C(17) and C(23), respectively) 
giving a “propeller” configuration which appears to be determined by intra and 
inter-molecular steric interact.ions. As a consequence there is no significant K 
conlponent. in the C(Cb)-Ph bonds, whose distances range from l-470(3) to 
l-481(2) _&. The mean value of l-477(5) _4 is similar to that found in other 
phenpl-substituted Cb compounds (l-475(35) a in Co(Ph,Cb) derivatives [23, 
l-469(4) ii in (Cp)Co(tr-crrza-Pll,(Me,Si)ZCb) [9], and l-469(7) _&in (Cp)Rh- 
(J&C%) [lOI )- Such values are shorter than that expected for a single C(sp’)- 
C(S~‘) bond length (l-491(2) 8) [II]. This may be explained in terms of the 
different hydridization states of the carbon atoms. The orbitals involved in 
the Cb ring must have a greater p character than those used in the bonding with 
the phenyl groups [ 121. Thus the iarger amount of s character in the exocyclic 
bonds causes a decrease of such distances. On the other hand an increase of s 
character in the external hybrid orbitals sl~oulcl. increase the electronegativity 
of the Cb carbon atoms, w!1ich is further increased by 7r coordination to the 
metal atom. It has been S~OWII that in mono-substituted benzene rings, Ph-X, 
the -internal angle a at the carbon atom bearing the substituent increases with 
the increasing of t.he X-group electronegativity [11,13]. When X = C(sp’) Q’ is 
found to be 117.6(l)” [ll], so that t.he larger value found [118.6(3)“] is 
consistent with our suggestions for the Ph-Cb bonds. Similar values have been 
found in other cobalt compleses, such as (CNCp)Co(Ph,Cb) and (I,Cp)Co(Ph,Cb) 
(118_7(3)“) [2] and (Cp)Co(Ph2(C5HJFeCjHj)zCb) (115.15(7)“) .[14]. 

K’hile the Cp ring is planar within +0_0026 8, the silicon aton is 0.224 .& 
out of this plane, away fron1 the metal atom. The displacement is attributable 
to the steric interactions with the tetraphenylcyclobutadiene ligand, as shown 
by some non-bondecl distances between the two ligands (C(24)---C(35) 3.462(s), 
C(24j---C(36) 3.764(4), C(25)---C(35).3_9S4(4) -4). The C-C bond lengths in 
the five-membered ring range from l-409(5) to 1.445(3) A, the greater values 
corresponding to the bonds involving the carbon atom bonded to the SiMe, 
group, C(29). The mean value l-425(15) L% is significantly longer than that of 
1.403(12) f$ fom1d in other compounds, as shown in Table 5. Furthermore, 
the angle at C(29) of 105.3(2)” is narrower than the others and below the value 
of 108.0” expected for a re_gular pentagon_ It seems likely that such distortions 
are induced by the trimethylsilyl group. Just as in the case of benzene deriva- 
tives t13], electron-releasing substituents should cause a narrowing of the angle 
at the substituted carbon atom and a lengthening of the relative bond distances. 
The Si-CH, and Si-CSHq bond lengths of l-878(2) and l-865(2) A, respec- 
tively, have the expected values for Si-C(s$) and Si-C(sp’) bonds [13]. The 
C-Si-C angles range from 106.7(l) to 113_2(2)“, to give a mean value of 
109.4(22)“, as found in (Cp)Co(frans-Ph,(Me3Si)&b) [9]. 

The distances of the cobalt atom from the two z ligands are 1.699 and 
1.658 ,&, respectively, for the four- and five-membered rings, the cobalt atom 
being slightly displaced towards the Cp ring. Inspection of Table 5 shows that 
both distances increase on introducing substituents in the K rings, larger VahIf?S 
being found in our compound with bulky groups in both ligands. Thus it seems 
likely that such an effect is due to steric interactions between the two ligands 
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rather than to electronic effect.s induced by the sulxiituents. In fact this trend 
is roughly mirrored by the deviation from parallelism of the two cycles aS 
measured by the $ angle. The ioclinecyclopentaclienyl cierivatives (ICp)Co- 

(Ph,Cb) nncl (I,Cp)Co(Ph,&) have not been induclecl in Table 5 owing to t.he 
lower accuracy of their structure cleterniinat.ioii [ 21, however the values of 
1.672(37), l;‘iO6(4) and 1.6S6, 1.705 8 for the Co.--(Cl>) and Co---(Cl>) distances 
in the two compounds support oul hypothesis. 

The lengthening of the Co-C bond distances with respect to the “parent” 
conitiound (Cp)Co(Cb) is thus a consequence of the rernov,d of the two r frag- 
ments, the Co-C( Cp) being longer than the Co-C( Cb j distances for geometrical 
reasons [ 21. 
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