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Summary

The crystal and molecular structuree of (2oyclopentadicny i 2 cyclabatadiones
cobalt, (C.HO(CH)Co, has heen determined by single crystal Noray o fraction
techniques using threedimensional data giathered at ca. - 35 C by cotunter metk-
ods. Crystals are yellow-orange of irregular shape and of ofthaerhombie space
group Prma with Lattee paramieters tat ea,. 35 Cya = 10362024, b = 9.63 425,
and ¢ = T.ET2(2) \ for o it cell with four molevules of (0 10 0C 0. T
malecule consists of o Co atom sandwiched bet ween te 2-bonding e velopenta:
dienyl and cyclobutadiens Igisnds, N ery stablogripbie mimvor plane paces st
the molecule and contams two carbons of the C 0, moty resablorg in an of-
dered structure with ¢, symmetry, Full-mateis least -sepuifes rofostestiont has comp
verged with a I index con F o of 020 for all GRY sy mmetey sesdegreredent fo-
flections examined within the Mo K sbiecBl ddefostend foa § B GO

Introduction

Synthesis of a stable organocobalt sindwich compoing weth the o ¥ olujrenta:
dienyl ligand and the tetrapheny lsubstituted cye fobutasisne ring was fepiorted
in 1961 [1]. Following that paper, accounts of Uie preparation and propartiss
of several other analogous cobidt sandwien compsleses, all possesstong sulntitofed
cyclobuwtadiene ligands, appeared [2,3) Successful synthosis of the wnswbsti
tuted parent complex (m-eyclopentiadieny | i g« yelobutaticne eobait, 1€ 1)
1C.HLICo, was eveniually achieved by Amiet amd Peitl in 1968 §4).

Following the isolution of crystals of (COHnC 1, a sigle ofvatal Ne-ray
diffraction study of this novel sprecies was attempted in our fasboratory . Ulfor-
tunately rapid sublimation or decomposition of this material during data col-
lection under conventional laboratory conditions previvded the suecess of these
efforts at that time (ca. THER). With the advent of routine low-temperatisne inert
atmosphere data gathering teehnigques in our laboratory, another sisghe erystal
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v-shaped (very approximately equidimensional) yellow-orsnge
1 iC.Ha)!( :H;)Co obtained from very slow sublimation in = vial (§ aten.
yvarsi was attached to a glass fiber and quickly transferred to & Syntes
diffractometer. To compensate for the effects of sublimation (see In-
son) the data crystal was maintained at ca. 35 C with a streans of s
s shuring the course of all diffraction experiments. As idhicated by the data

e sy stematic X-ray reflection absences are consistent with two orthoffon:
e groups M2 ,q, acentric, point group m2m, and Pnma, cetitfic . gennt

@Eﬁl@g&ﬁmm Since Friedel's law is violated by the anomalously scatlefing Ce

o of this structure, it may be possible to determine the point sytiietry el

wiiw: Ui True space group) by comparing appropriate seta of intensitios. Fei

e, if the point group is m2m (i.e., Pn2,a) [(hkl) # [thikl, bt if the peint
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group is mmm (i.e., Pnma) then these reflections are {in principle) equivalent. Ex-
amination of such sets of reflections for the hemisphere of data gathered (see Table
1) did not reveal significant variations in intensity. and hence space group Prima
was favored at this juncture.

The net intensities for the reflections were determined, their standard devia-
tions were assigned (with p = 0.02), and Loreniz and polarization corrections
were applied as described previously [6]. Using data from one octant only, the
cobalt atom was located from a Patterson map at x = 0.15.x» = 1/4. 2 = 0.01. A
difference Fourier map phased with the Co position then revealed all the carbon
atoms of the molecule. Computing the Fourier map phased only with this Co po-
sition imposes mirror symmetry (at ¥ = = 1/4) upon the resulting map. If the
space group does not possess mirror symmetry, then each carbon atom position
will also appear as a mirror-related peak. Since this map exhibited only as many
non-cobalt peaks as carbon atoms in the molecule, the true space group must
possess mirror symmetry and hence must be Puma. This is furiher verified by
the subsequent successful refinement of the structure. (Principai computer pro-
grams used in this work are listed in ref. {G].)

Full-matrix least-squares refinement of the cobalt and cuarbon atom positions,
first isotropically and then anisotropically. using those 591 reflections with in-
tensities which exceeded their corresponding standard deviations by a factor of
2 convergedat R =Y. F,.— F. /X1 F,,=0043and R,. = |Zwt:F,, —:F.)Y/
Yui F71H° = 0.054. The function minimized in refinement is Swi:F,. — (F.i)",
where the weight w is ¢(: F,,1) . the reciprocal square of the standard deviation
of each observation, ;F,:. Neutral atom scattering factors for Co. C{7],and H | 8]
were used. and the real {Af") and imaginary (Af"") corrections for anomalous
dispersion were applied to the Co scattering function |91,

A difference Fourier map then readily revealed the positions of all hydrogen
atoms. and incorporation of these as isotropic atoms in least-squares refinement
ultimately resulted in convergence at R = 0.028 and R, = 0.034. Inspection of
the data suggested that the low order reflections were systematically affected by
secondary extinction. Application of Zachariasen’s correction [10] for this effect
reduced both R and R, to 0.023.

Fig. 1. A stereoview of (CsHg MC3H3)Co, Ulustrating the atom-numbering scheme. Ellipsotds of 30% prob-
ability are shown. Hydrogen atoms are drawn as spheres of radius 0.1 AL
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TABLE 2b
FRACTIONAL COORDINATES AND ISOTROPIC THERMAL PARAMFTERS (A%) FOR HY DROGEN
ATOMS OF (CaHa C3H3ICO ¢

Ay - 43

Atom x
oy < 010201 0.250 —Q.00T 3.3¢(6)
it2) 0.036(2) 1.034¢2) 0.167(2) 3.4¢4)
HU) 0.172¢3) 0.250 0.3520%) 3.5(6)
HeH " 0117 0.250 -0 344 6.0
(D) 0.213(3) 0.03203) —0.20:1(3) B.2(T)
tHi6) 0D.3TH(2) O 1183 O.000(3) 1.68(D)

2 See Fip § for atom numbering seheme, Nambers in parentheses are the estimated standard devtations in

the units of the last significant digits for the corresponding parameter. The anisotropic temperature fuctor is

exp] - CIpph? e 3208 ST 22y ok + 22 30+ 255 3601 © For atom Co the anisetropic thermal
praramelsrs are gnen o 10, Y Numbers i parenthieses are the estimated standazd doevianions in the units of

the last siprficant digats, 2 The svgquence number of a hyvdrogen atom corresponds tao that of the carbaon
atennt Lo oswhich it is bound, ¢ As stated in the tent, the positional and thennal parametess for 711 are un-

refined salues,

The symmetryv-equivalent reflections of the hemisphere of data collected (see
Table 1) were then merged by taking the mean intensity [ of a reflection as

and its standard deviation as

a(ly = | 2 gl Cin.
Pl

Additional refinement now using averaged intensities for all reflections measured
converged with final error indices R = 0.025, R,,. = 0.019, and a standard devia-
tion of an observation of unit weight, [ Zwe( iF,,: —1 F. )3i(m —s)]'7. cf 1.93,
where m(681) is the number of observations ({£ ;) and s(71) is the number of
variables in least-squares refinement. The final value of the extinction coefficient
is4.0(2)« 107¢ . =

In the last cyvcle of least-squares refinement all shifts in nonhydrogen atom
parameters were less than 0.1%, and no shift in a hvdrogen atom parameter ex-
ceeded 0.1%. Hydrogen atom H(4) (See Table 2 and Fig. 1), which appeared as
a very broad peak in a difference Fourier map, refined unrealistically close to
carbon C(:1), the atom to which 1t is bound. Hence in the concluding cyveles of
refinement, H(4) was constrained to its position estimated from the difference
Fourier map. The largest residual peak on a final difference Fourier map was
0.2 ¢ A%, loeated about midway between Co and the cyclobutadiene ring.

* The table of structure factors has been deposited as NAPS Dov.ament No. 02
from ASIS/NAPS, c/o Microfiche Publications, 410 Park Avenue South, New York, N.Y. 10016, A

773 (5 pages). Order

coupy may be secured by citing the document number, remitting $3.09 for photocopies or $3.00
tor microfiche. Advance pavment 1s reqgquired. Make checks payable to Microfiche Publications.
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Discussion

* Figure 1 provides a stereoview of one molecule of (C:H:)(C:H;)Co and indi-
cates the atom numbering scheme. Final atomic positional and thermal param-
eters with corresponding standard deviations as estimated from the least-squares
inverse matrix are given in Table 2. Bond lengths and bond angles are presented
in Tables 3 and 4.

The crystal structure consists of discrete molecules of (C<H:WC:H;)Co which
may be regarded as compaosed of two organometallic fragments. one of C;,. sym-
metry {i.e., (C;H;)Co) and the other of C¢, symmetry (i.c., (C:H:)Co), joined at
Co. Atoms Co. C(1}, C(3), C(4), H{(1), H(3) and H{4) (see Fig. 1 and 2 ) licona
crvstallographic mirror plane, and hence the molecule has C, (fm) symmetry. The
angle between the best planes defined by the carbon atoms of cach ring is 0.9,
so that the two rings are virtually parallel.

Cobalt is bound symmetrically to each ring. The Co—C(Cp) distances given
in Table 3 average 2.036(9) A *, and correspond to typical Co—cyclopenta-
dienyl 7 interactions in diamagnetic complexes. For example, the mean Co—
CtCp) bond length in (C:H;(B,,C.H,:)Co is 2.038 A [12]. and those in the crs
and trans isomers of (C<H:){(C.H:)[SUCH);]C- ;.Co are 2.05 A [13,1-1]. How-
ever, ihe mean Co—C(Cp) distance in the paramagnetic complex cobaltocene is
longer, 2.096(8) A [15]. The Co—C(Cb) bonds (Cb = cyclobutadiene) which
are characteristically shorter than Co--C(Cp) bonds, average 1.964(2) A\ in
{CH)C.:H)Co, a value which may be compared to the mean bond length of
1.982(15) A found in the trans isomer of {C:H:)}{ {C.HI[SIHHCH,):]C. ;:Co [141].
A significant difference. similar to that reported in ref. 14, is observed for the
two Co to ring centroid distances in (CsH:)(C:H;)Co: Co to Cp = 1.660(1) A,
Co to Cb = 1.681(1) A. Comparison of these distances and other selected aspects
of the molecular geometry of {C.HHC,H.1Co to equivalent features of some
analogous complexes is provided in Table 5.

The C—C(Cp) bond lengths range from 1.384(3) to 1.393{(3) A and average

TABLE 3
BOND LENGTHS (A) FOR (CcHiMC:H3)Ca 8

Co—C(1) 1.966(3) C(5)—C(6) 1.383(3)

Co—C(2) 1.965(2) Ct6)y—C(6) b 1.394¢3)
Co—C(3) 1.962(3) C(1—H() 0.96(3)
Co- C(1) 2.027(3) C(2)—H(2) 0.94(2)
Co—C(5) 2.037(2) C(3)—H(3) 0.99(3)
Co—C(6) 2.045(2) C(3)~H(4) 0.9%
C(13—C(2) 1.433(2) C(5)—H(5) 0.90(2)
C(2)—-C(3) 1.430¢2) C(6)—H(6) 0.88(2)

C(3)—C(5) 1.393(31»

< Numbers in parentheses are the estimated standard deviations in the last significant digtt. See Fig. 1 for
identity of atoms. 2 Coordinates of C(6) are related o those given for C(6) in Table 2 by reflection through
the mirror plane at ¥ = 1/4. € The coordinates of H{4) are unrefined values as staied in the text,

* The standard deviation of a mean value is taken as [Z(x; = )2 (n — 11! 2 where n is the number
of observations.
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TABLE %
SELECTED BOND ANGLES { ) FOR (CiHiCH o @

Ce2p--Cery -2y 90.5(2)

Ce2y - €Ly - HQ ) 134.5(1)
Cily~-Ce2y- (3 BY.8(1)
C(1) - U2y 2y 135(1)
Cedy- C(2) He2y 135¢Y)
C{23) Oy O G0.0(2)
CL2)- C3) - Hed) 13-3.8(1)
C(h) CCH--CidY 107.9(2)
CEdy CLb- b b 126
Cehr U -C(6) 108.002)
Cey Cidy - H 1252
Ct6y U(H) iy 12742
Cehy-—- CLer- Ciy TOR. 1(2)
Cinr Cin)- His) 1272
Ct6) - Ci16r Hi6) 125¢:2)

e Numibers in parentheses are the eastimated standard deviations in the last significant digit, See Tig. 1 for
dentity of the atomis. Caordinates of primed atoms are related to the coordinates of (he cerne-ponding
unprimed atoms of Table 2 by reflection through the mirror plane at ¥ = 174, 2 The comdinates of H(3D)

are unrefined values as stated in the text.

1.390¢(6) A, a value which is significantly shorter than the distances of 1.41—
1.43 A ascribed to the C—C bonds of the cyclopentadienyl ligand as determined
by electron diffraction work with ferrocene, cobaltocene and nickelocene [16],
and by X-ray diffraction studies of several complexes with fixed Cp rings {15,
17 and references therein: 18}]. While it is unclear why the C—C(Cp) bonds in

Fig. 2. A view of (C5H5)(CaH3)Co normal to the cvclobutadiene ring. illustrating the relative orientations
of the atoms of the two rings.
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TABLE 6
SELECTED LEAST-3QUARFES PLANES IN (CiHg )(Cal)Co &

Atoms Deviations €A) from plane ©

Crclobutadene plane 693438 -~ x - O.7196/: - 06113 = 0

3

Cetsye -0.001(¢3)

Celye 0.001¢2)

e -0.001(3)

Co I.6R1

H{1) -0 D)

2y -0.05(2)

ld) - 0.0R3)

Crelopentadivne plance O.5R833x +.+ -- 0.7301 > 275116 =0

C43" --43.002¢3)
Cehe Q0022
Cisye -0.001¢2
Can - 1.860
e v 0.05
Hid) SOOIy
H(G) -0.01¢2)

€ Oirthanormal (.4) coardinate svstem with aves x. v and = parallel te un:t eell vectors c. b aned . respec-
tiielyv . Coordinates of atoms marked with * were used to define the planes. A negative deviation from the
plane indicates that the atomn with coordinates piven in Table 2 hes between the nlune and the origin. D
Numbers in parentheses are the estimated standard deviations in the last significant digit. © The coordinates

of Hid) are unrelinesd values as stated in the text.

(C<H{C.H;1Co are shorter than usually reported values, it is noteworthy that
the corresponding bonds in (C:H:)P(C_H.).Cu are the same length {1.393(4) to
1.409(4) A) [19]. Neither the internal ring angles nor the C—C—H angles of this
Cp ring differ from the idealized C;, values of 108" and 126%, respectively. Al-
though the Cp ring here straddles a crystallographic mirror plane, it 1s found to
be planar, and as shown in Table 6, its hydrogen atoms apparently also lie in this
plane. .

.
i

Fig. 3. A stereoview of the packing of molecules of (Cslig(C3H3)Co in the crystal. ERipsoids of 30
prohability are shown. Hydrogen catoms are not shown for sake of claritv. Each molecule is surrounded biv
twelve others in a nearly heaxagonal closest-packed arrangement. In this view, the three molecules lving di-
rectly over the three below the central seven-plane of molecules are omitted to afford a mare lucid drawing.
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To our knowledge, this study has yielded the most precise geometry for an
unsubstituted cvclobutadiene ligand vet reported. The ring exhibits virtually
ideal C.:, symmetry {sce Table 4) with C—C(Cb) bond lengths of 1.431(2) and
1.440(2) A, internal angles of 90" and C—C—H angles of 1357 (the idealized
value). For sake of comparison, the C—Ci{Cbh) bonds in (C:H;Fe(CO); |20} and
m {C.H; HC.H,O:N)yFe [21] are 1.46(2) 1. Like the cyclopentadieny! ligand in
(C:HMCTH 1 Co, the cyclobutadiene ring possesses mirror symmetry. and with-
in experimental error it too is planar. However, unlike this Cp ring, the Cb hy-
drogens appear to lie out of the carbon atom plane, at positions away from the
Co atom (sece Table 61

Figure 3 illustrates the packing of molecules of {C.H. HC.H;¥Co i the crystal.
Each molecule is surrounded by twelve others in an approximately hexagonal
closest-packed arrangement. Distances from the central Co atom to the nearest
twelve Co a2toms range from 3.5 10 7.7 \.
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