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Summary

The reaction between h°-cyclopentadienyldicarbonylcobalt and phenyl-2-
thienylacetylene in refluxing xylene has been found to produce 78% yield of
(k3-cyclopentadienyl)(k*-diphenyldi-2-thienylcyclobutadiene)cobalt, as well as
lesser amounts of a cyclotrimerization product, triphenyltri-2-thienylbenzene,
and three isomeric cyclopentadienone—cobalt complexes. A single crystal X-ray
structural study intended to confirm the disposition of the phenyl and thienyl
substituents of the cyclobutadiene ring in the first compound was carried out.
The results are inconclusive since there is disorder of these groups in the crystal-
line lattice. The most likely model involves a mixture of cis and {rans isomers
plus phenylthieny! disorder. The atoms of the (h°-CsHs)Co(C,s) moiety are well
behaved crystallographically and have molecular parameters which are within
accepted values of recent determinations not plagued by disorder or uncertainty
of isomeric purity.

A minor biproduct, resulting from the apparent coreaction of phenyl-2-thienyl-
acetylene and diphenyldiacetylene with h’-cyclopentadienyldicarbonylcobalt,
has also been identified by spectral and X-ray diffraction techniques as the novel
complex bis [(k°-cyclopentadienyl)(h*-trans-diphenyl-2-thienylcyclobutadienyl)-
cobalt]. The crystallographic study of this compound also revealed disorder in
the thienyl groups but it is not as severe as that found for the major product.
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Introduction

In recent studies we have been concerned with the synthesis, mechanism of
formation, and structural elucidation of products resulting from reactions be-
tween h*-cyclopentadienyldicarbonyleobalt and various unsymmetrical acetyl-
enes {1—5]. It was of interest to include in-this program an acetylene bearing a
thiophene ring, since coordination to cobalt could conceivably involve the hetero-
cyclic substituent or the acetylenic carbon atoms. In this paper, we describe in
detail the reaction between h®-cyclopentadienyldicarbonylcobalt and phenyl-2-
thienylacetylene, as well as X-ray crystallographic structural determinations of
two of the products.

Synthesis and spectrzal considerations

The reaction between h3-cyclopentadienyldicarbonylcobalt and phenyl-2-thi-
enylacetylene in refluxing xylene has been found to produce a variety of organic
and organometallic compounds, similar to the products described earlier for re-
actions involving diphenylacetylene [6] and phenylethynylsilane [5]. Separation
and purification of the various products were achieved by a combination of
column and thin-layer chromatography techniques, as well as by recrystallization.

The major product of the reaction, isolated from the first band in 78% yield,
was a cyclobutadienecobalt complex thought to be I or I1. As expected for such
a complex, the product exhibited a multiplet for the aromatic protons and a
singlet for the cyclopentadienyl protons, respectively, at 7 2.3—3.3 and 5.29 ppm
(ratio 16/5).
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* The mass spectrum of the product exhibited strong peaks for the molecular
ion (M*) at m/e 492 as well as for the loss of phenylthienylacetylene from M*
at m/e 308. However, moderately strong peaks were also observed at m/e 314
and 302, which could correspond to losses of diphenylacetylene and dithienyl-
acetylene, respectively, from M *. Structural conclusions based on mass spectra
of tke product were therefore not as evident as in the case of cis- and trans-iso-
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mers of (k*-cyclopentadienyl)-[h*-diphenylbis(trimethylsilyl)cyciobutadiene]-

. cobalt [5]. For this reason, an X-ray crystallographic investigation was under-
taken to determine the disposition of the substituents on the complexed cyclo-
butadiene ring (vide infra).

Continued elution of the column produced a second band which was shown
by TLC to contain at least six products. The major product in this mixture was
subsequently separated by preparative TLC, and was initially suspected to be the
second cyclobutadienecobalt isomer (I or II) on the basis of a singlet cyclopenta-
dienyl proton resonance at 7 5.25 ppm, its infrared spectrum and its melting
point (238—239.5°C). However, the mass spectrum of the product indicated an
intense molecular ion peak at m/e 818, indicating a more complex structure than
either I or II. Consideration of the molecular ion peak at 818, together with a
major peak at m/e 634 corresponding to loss or phenylthienylacetvlene from M,
suggested a binuclear structure such as III, which was conclusively verified by an
X-ray crystallographic analysis (vide infra).

The origin of complex III in this reaction is still not completely clear. Our
best explanation at present, however, is that the phenyl-2-thienylacetylene used
in this reaction was contaminated with a small amount of diphenyldiacetylene,
formed during the synthesis of the former acetylene from 2-iodothiophene and
cuprous phenylacetylide [7] *. Diphenyldiacetylene is a common oxidative
coupling product in reactions involving cuprous phenylacetylide [8—10], and a
coreaction between phenyl-2-thienylacetylene and diphenyldiacetylene with 7°-
cyclopentadienyldicarbonylcobalt could account for the formation of III.

) lene
2 + 2 PhCEC@ + PhC=C—C=CPh __xyT____ I
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A high melting white solid was also isolated from the second band. The prod-
uct was identified by elemental and mass spectral analyses as triphenyltri-2-
thienylbenzene, a product of the cyclotrimerization of phenyl-2-thienylacetyl-
ene. Two isomeric hexasubstituted benzenes (IV and V) are theoretically possi-
ble in this reaction [2,4]. It is not known with certainty at the present time if
the cyclotrimerization product is a pure isomer or a mixture of IV and V, al-
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* Phenyl-2-thienylacetylene and diphenyldiacetylene are virtually indistinguishable by TLC, and tend
to cosublime when a mixture is heated in vacuo at 60°C. Subsequent preparzations of phenyl-2-thien-
vlacetylene by the litéerature method have invariably produced small amounts of diphenyldiacetyl-
ene as a contaminaﬁt. as evidenced by gas chromatography of the produet [71.
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though unsymmetrical products such as V are generally highly favored in reac-
tions of this [11,12].

Elution of the column with benzene finally removed a deep red band whlch
after evaporation of the solvent afforded 40 rag of a dark red solid. Three dis-
tinct singlet resonances were observed in the NMR spectrum of the product at
7 5.25, 5.21 and 5.15 ppm, corresponding to the three theoretically possibie cy-

_clopentadienonecol.alt isomers (VI—VIII). A mass spectrum of the product -
showed an expected intense molecular ion peak at m/e 520 as well as other peaks
that are characteristic of such complexes. Further separation of the product into
the various isomers was not attempted. :

Experimental

All melting points were taken in sealed capillaries under nitrogen and are un-
corrected. CAMAG neutral alumina and silica were used for column and for
thin-layer chromatography, respectively. #°-Cyclopentadienyldicarbonyleobalt
[6] and phenyl-2-thienylacetylene {7} were prepared according to literature
methods. Elemental analyses were carried out by the Microanalytical Laboratory,
Office of Research Services, University of Massachusetts. NMR spectra were re-
corded on a Varian A-60 instrument, IR spectra on a Beckman IR-10 instru-
ment, and mass spectra on a Perkin—Elmer—Hitachi RMU-6L instrument at 70
eV.

Reaction of h®-cyclopentadienyldicarbonylcobalt and phenyl-2-thienylacetylene
Xylene (250 ml), phenyl-2-thienylacetylene (1.78 g, 10 mmol) and h°-cyclo-
pentadienyldicarbonylcobalt (869 mg, 5 mmol) were placed in a 500-ml, 3-necked

flask equipped with a condenser, nitrogen inlet, bubbler, and magnetic stirrer.
The flask was covered with aluminum foil, the mixture was degassed several
times under nitrogen, and the contents heated at reflux for 24 h. At the end of
this period, TLC indicated that all of the starting acetylene had been consumed.
The reaction mixture was then allowed to cool to room temperature, filtered,
and the filirate was concentrated and placed on a 1" by 20” column of alumina
which had been packed in hexane.

The first band (yellow) was eluted with a benzene/hexane (1/8) solvent mixture.
After evaporation to dryness, band one yielded 1.92 g (78%) of (h®-cyclopenta- .
dienyl)(h*-irens-diphenyldi-2-thienylcyclobutadiene)cobalt (I). An analytical
sample of this complex was obtained via recrystallization from benzene/heptane
(8/1). After drying in vacuo at 100°C, deep red crystals of m.p. 231—232.5°C
were obtained. NMR (CDCl;3) 7 (ppm) 5.29 (s, 5 H, ~°-C;H;), 2.3—3.3 (m, 16 H,
aromatic). IR (KBr) 3175—2900m, 1600s, 15005, 1450m, 1210s, 1000m, 810s,
700s cm™!. Mass spectrum m/e (%) 492 (100, M™), 427 (2, M — C:Hs"), 368 (1,

M — CsH;Co"), 314 (30, M — C¢H:C,CHs"), 308 (100, M — C.H;C,C4H1S"), 302
(44, M — C;H,SC,C.H;S"), 190 (7, C,H,SC,C,H;S"), 184 (41, C;HsC,C,H,S"),
178 (4, CcHsC.CeHs"), 124 (100, C;HsCoY).

Anal. Found: C,70.88; H, 4.21; Co, 11.93; S, 13.00. C,5H.,C0S, caled.: C,
70.72; H, 4.30; Co, 11.96; 5, 13.02%.

Continued eluticn of the column with benzene/hexane (1/1) removed a second
yellow band, which yielded 170 mg of a product consisting of six compounds as
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indicated by TLC. This mixture was transferred onto three silica preparative TLC
plates (ca. 1.2 mm thickness), and the plates multiply eluted with benzene/
hexane (1/1). The most abundant compound was contained in a yellow band of
fourth highest R,. This band was removed, extracted with methylene chloride,
and evaporated to dryness. Recrystallization of the product from benzene/hep-
tane followed by drying in vacuo at 100°C produced 15 mg of bis[(h*-cyclopen-
tadienyl)(h*-trans-diphenyl-2-thienylcyclobutadienyl)cobait] (III), m.p. 238—
239.5°C. NMR (CDCIl,) 7 (ppm) 5.35 (s, h5-CsH;), 2.2—3.0 (m, aromatic). IR
(KBr) 3175—2900m, 1600s, 1500s, 1450m, 1210m, 1000m, 810s, 700m cm™'.
Mass spectrum m/e (%) 818 (100, M "), 753 (1, M —C;H."), 694 (5, M

— CsH;Co"), 634 (10, M — C,HsC,C;H;S"), 409 (10, M?*), 184 (4,
C.H:C.C,H;S"), 124 (36, CsH Co"), 59 (8, Co™).

Anal. Found: C, 73.62; H, 4.64. CscH3C0,S, caled.: C, 73.34; H, 4.43%.

While attempting to dissolve band twe in benzene, a small amount of an in-
soluble white material precipitated. This solid was dried in vacuo at ca. 100°C,
and was found to sublime rather than melt at temperatures greater than 400°C.
It has been identified as triphenyltri-2-thienvibenzene (IV and/or V).

Anal. Found: C, 78.20; H, 4.68; mol. wt., 552 (mass spectrometry)

Cs6H24S5 caled.: C, 78.22; H, 4.38%; mol. wt., 552.

A third band (red) was subsequently eluted with benzene. Evaporation of the
solvent produced 40 mg of a residue. The latter was dried in vacuo at ca. 150°C
to afford the isomeric complexes of (h®-cyclopentadienyl)(h*-diphenyldi-2-thi-
enylcyclopentadienone)cobalt (VI—VIII). NMR (CDCLl;) = (ppm) 5.25 (s, k°-
CsHs), 5.21 (s, h5-CsHs), 5.15 (s, h°-CsH;), 1.9—3.0 (m, aromatic). IR (KBr)
3080m, 2910w, 1705m, 1600s, 1450m, 1230w, 820m, 760m, 690s cm™!. Mass
spectrum m/e (%) 520 (100, M), 492 (10, M — CO"), 330 (8, M
— C;H;5C,C,;H;S"), 308 (30, CsH;CoC,HC,C;H;S"), 302 (14,
CsHsCoCH.C,CzH:"), 260 (24, M?>*), 190 (20, C;H;SC,C,H;3S"), 189 (44,
C,;0H,;0C0"), 184 (14, CcH:;C.C4H3S"), 178 (32, CcHsC-CsHs), 124 (40, CsH;Co").

Crystallographic studies

. (h*-Cyclopentadienyl)(h*-trans-diphenyldi-2-thienylcyclobutadienyl)cobalt.
Crystals suitable for X-ray studies were grown from benzene/heptane mixtures.
Preliminary examination by precession and Weissenberg film methods showed
that the crystals are monoclinic, space group P2, /c (systematic absence h0! with
! odd and 0&0 with & odd). The crystal used for data collection was a peniagonal-
shaped platelet with one elongated side parailel to the a axis. The long side was
0.25 mm and the directions perpendicular to it 0.20 mm and 0.1 mm. It was
mounted on a CAD-4 computer controlled 4-circle diffractometer (Enraf—
Nonius) with the a axis approximately parallel to the goniometer axis. Cell di-
mensions were determined from 25 accurately centered reflections by a least
squares technique described previously [13]. The results were ¢ = 10.193(5),

b =19.099(10), c = 12.513(6) & and = 112.08(2); V = 2257.8 A*. Assuming
Z = 4, the calculated density is 1.449 g cm™3. This compares to an observed den-
sity of 1.46 g cm™2 determined by flotation in an aqueous KI solution.

Intensity data were collected by the 8 — 26 scan technique out to a value of
26 max = 60° with monochromatized (graphife crystal) Mo-K, (A 0.7107 &) radia-

(continued on p. 236)
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tion at a 4° take-off angle. The scan rate was variable ranging from 6.7° fmin for
the strongest reflections to 0.67°/min for the weakest. The angular scan width
was also variable and amounted to 3 X (0.7 + 0.3 tan 6)°. The right and left back-
grounds were scanned for half the time required for the total peak scan. During
data collection an intensity control reflection was recorded every time a set of
24 reflections was collected. The change in intensity of this standard was random
with a deviation about the mean amounting to no more than £3%. A total of
6000 reflections were scanned in the hkl and hkl octants. Of these 2436 were
found to have intensities equal to or greater than 3o, where g = (total counts

+ background counts)!’2, and were considered to be observed. The data were
corrected for Lorentz and double polarization effects but not for absorption.
Since uR ranges from 0.18 to 0.09, an absorption correction was deemed un-
necessary.

Solution and refinement of the structure. A three-dimensional Patterson map
was prepared from which the positional parameters of the cobalt atom were de-
duced. After these initial parameters were subjected to a cycie of refinement
R(F) was 0.38. The posiitons of the other non-hydrogen atoms were then deter-
mined from successive Fourier and difference syntheses. However, difficulty was
encountered in precisely defining the sulphur atoms of the thiophene rings as
well as a carbon atom in one of the assumed phenyl rings. This difficulty was re-
solved by recognizing that the abnormal phenyl ring behaved, in reality, as a
thiophene ring and that the sulfur atoms were disordered. The disorder was re-
solved by using a scattering factor of lfe +1fs for atoms in certain ring positions.
In ring 1 this hybrid scattering factor was applied to atom number 1, in ring 2 to
atom 18 and in ring three to atoms 26 and 29. These atoms are designated in
Table I as CS(1), CS(18), etc. Refinement,; by the block diagonal least squares
method with isotropic temperature factors *, now proceeded smoothly to an
R(F) = 0.10. A difference synthesis revealed the positions of all the hyc-ogens
and these were placed in their ideal positions {14 ]. Hydrogen atoms were not
placed at positions required for bonding to CS type atoms. Refinement was now
continued with anisotropic temperature factors for the heavy atoms and isotrop-
ic temperature factors, one unit higher than the heavy atom to which they were
bonded, for the hydrogens. The final residual R(F) = ZlIiF,l — IF /Z1F,! was
0.06 and the weighted residual Rw(F) = [Sw(lF ! — IF )/ ZwiF?1 was 0.05.
The function minimized in the refinement was Zw(Fy! — IF 1) with weights w
assigned by the expression w = 1/{1 + [(1F,l—95)/50F}.

A final difference Fourier map revealed almost zero electron densities at atom-
ic positions and a number of small peaks (< 0.4 eA~?) randomly distributed
throughout the map.

Neutral atom scattering factors for Co were taken from Cromer and Waber
[15] and for the remaining atoms from the International Tables [16].

Table I contains the final positional parameters for the non-hydrogen atoms
together with the anisotropic thermal parameters. Table II lists the final para-
meters for the hydrogen atoms calculated on the assumption of a carbon—hydro-

* The programs used in this work were those of F.R. Ahmed, S.R. Hall, M.E. Pippy and C.P. Buber,
NRC Crystallographic programs for the 1Z2M 360, Division of Pure Physics, National Research Coun-

cil, Ottawa, Canada, 1968.
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Pcsitional and Thermal Parameters for Hydrogen Atcms ctf Compound I

Atom : x ¥ z Biso
H (1)* 0.0624 0.5659 0.3098 7.k

H (2) 0.0122 0.€807 0.2110 G.12
a2 (3) 0.2553 0.7388 0.2526 5.51
H (L) 0.4386 0.6575 ' 0.35L60 5.93

H (5) 0.3268 0.3492 0.35943 T-T6
H(11) © o -0.1213 0. 7669 0.5236 3.5%
B(12) -0.3367 0.6982 0,506k 6.12
H{13) -0.3122 0.5655 0.4805 7.52
H{15) 0.1808 0.5616 0.723 5.31
H(16) 0.3332 0.4959 C.8Lié 7.5
H(1T) 0.57C8 0.1:838 0.8036 g.32
#H(20) 0.5672 0.7389 0.75k5 2.62
H(21) 0.7670 0.81¢8 C.T€30 6.51L
H(22) 0.76658 Cc.88a7 0.6259 8.17
H(25) - 0.5985 0.8854 0.1535 9.56
H(2L) 0.kl 0.5239 0.54168 3.33
H(2T) 0.0286 1.003% © 0.3959 8.28
H(28) -0.1k26 0.9255 - 0.2506 T.97

*The numbers on the hydrogen atcms in this table and Table IV
correspond to those of carbon atoms to which they are attached.

gen bond distance of 0.95 A and ideal geometry. The numbering scheme used
throughout is shown in Fig. 1 [17]. A table of structure factors is available *.
Bis{(h*-cyclopentadienyl)(h*-trans-diphenyl-2-thienylcyclobutadienyl)cobalt].
The experimental procedure was essentially the same as described above. The
crystals are monoclinic, space group C2/c based upon the systematic absences
#0!l with { odd and k&I with i + k odd. The unit cell dimensions sre a = 27.367-
(8), b =10.998(5), c = 15.860(6) A, 8 =128.45(2)° and V =4197.1 A>. With Z
= 4 the calculated density is 1.294 g cm™3 which compares to a measured density
of 1.284 g cm™'. Of 4500 reflections scanned out to 26, . = 60°, 1934 were
- found to have intensities greater than 30(J) and considered to be observed. The
crystal used for the data collection was a rectangular parallelopiped 0.25 X 0.14
X 0.10 mm? and was mounted along a random direction but roughly parallel to
the ¢ axis.

* The table of observed and calculated structure factors has been deposited as NA®S Document No.
03026. Crder from ASIS/NAPS, cfo Microfiche Publications, P.C. Box 3513, Grand Cen-
tral Station, New York, N.Y. 10017. A copy may be secured by citing the document number, re-
mitting § 6.00 for photocopies or $ 3.00 for microfiche. Advance payment is required., Make checks

payable to Microfiche Publications,
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C3

Fig. 2. Molecular structure and numbering scheme for compound 1.

Seolution and refinement of the structure. The positions of the cobalt atoms
were obtained from a three dimensional Patterson map and those for the remain-
ing non-hydrogen atoms from successive Fourier and difference maps. Hydrogen
atom positions were calculated as before and assigned temperature factors one
unit higher than those of the atoms to which they were bonded. Refinement
with isotropic temperature factors converged to a final R(F') = 0.094. Inclusion
of anisotropic thermal parameters reduced R(F) to 0.055 and Rw(F') to 0.05.
The weighting scheme used was

w=1/{1+ [(IFel —150)/501*}

The final difference map showed only a random distribution of residual density
with the highest peaks being in the order of 0.4 e A™>. In this crystal also the sul-
fur atoms were disordered so that a combmatmn scattenng factors ifs + ife had
to be used.

The final positional parameters and amsotroplc temperature factors are hsted
in Table III and the hydrogen atom positions in Table IV. *

Description of the crystal structures For this discussion the trithienyl com-
plex, originally thought to be either I or I, will still be referred to as compound I
and the dimer as compound IIi. The molecular configuration of compound I is
shown in Fig. 1 and its thermal motion in Fig. 2. Bond distances and angles are
given in Table V. Similar information for compound IIT is shown in Figs. 3 and 4
and Table VII. As in other similar structures [5, 18, 19] the cyclopentadlene and
eyclobutadiene rings of the present compounds are bonded to the metal in the
hapto mode. The cyclobutadiene rings are planar (Tables VI and VIII) and’ square
within the accuracy of the data. The average carbon—carbon bond distances in .
the 4-membered rings are 1. 464(5)'and 1.463(6) A ’F'for'compounds I and I,

* The values in parentheses 1 u°wmt. average values in t.hc text are sta.ndard deviations ot the mean -
calculated as [X(X; — X)2 /m{m — D)1.
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Pesitional and Thermal Pameﬁérs for Hydrogen Atoms

TABIE IV

Atom X ¥ z Biso
H (5) 0.5059 -0.14%0 0.3847 5.0k
1 (7) 0.160k 6.0905 0.2998 .77
H (3 0.3476 0.0323 0.3621 5.&8'
" (3) 0.3003 0.2098 0.3147 7.18
1(10) 0.2015 0.2328 0.2631 9.07
B(1L) 0.C622 0.C3kT 0.2983 5.48
H(12) 0.1702 0.0971 0. k659 L. 78
H(13) © 0.2046 -0.057L 0.6129 L. ot
H(1k) © 0.0276 -0.1554 ¢.35408 5.05
H(15) 0.1148 ~0.2098 0.5365 k.oys
H(16) 0.0391 -0.3297 0.5767 8.19
H(1T) -0.0078 -G.1115 C.572¢6 7.26 -
#(18) -0.0995 -0.0L488 0.379k 3.4%

Fig. 2. Thermal ellipsoid plot at the 50% probability level for compound L.
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..~ Interatomic Distances {A) and Angles {°) for Compound I

TABLE V

. Bond Baond . Dist.
Co-C(1). 1.997(11) c{8)-cl2s5 1.461(11)
c(2) 1.980(8) c(7)-c(19) 1.458(11)
c(3) 1.972(9) c(8)-c(10) 1.475(11)
c(ly 2.018(10) c(9)-c(1k) 1.1460(11)
-e{5) - 2.025(11)
c(8) 1.960(7 Thiophene ring 1
(1) 1.953(T) ¢(10)-c(11) 1.478(11)
c(8) 1.931(T) c(r1)-c(12) 1.k21(12)
~c{9) 1.911(7) c(12)-c(15) 1.448(17)
c(15)-cs{1) 1.739(1k)
c{1)-c{2) . 1.3%0(16) - ¢cs{1)-c(10) 1.617(10)
c(2)-c(3) 1.347(15)
c(3)-c(B) 1.372{14) Thiophene ring 2
c(k)-c(s) 1.379(16) c(ik)-c(15) 1.392(12)
c(5)-c(1) 1.3:8(19) c(15)-c(15) 1.455(1k)
' c(16)-c(17) 1.529(21)
c(6)-c(T) 1.4568(11) c(17)-cs(18) 1.668(13)
c{T7)-c(9) 1.L6g(11) " es(a8)-c{ax) 1.655(9)
c(8)-¢(9) 1.k72(11)
c(6)-c(8) 1.:k8(10) Thiophene ring 3
c(25)-cs(26) 1.587(11)
c(19)-c(20) 1.k67(11) cs(z6)-c(27) 1.682(15)
c{20)-c(21) 1.379{13) c(a27)-c(28) 1.390(17)
c{21)-c(22) 1.327(1%) c(28)-cs(29) 1.520(13)
c(22)-c(23) 1.282(17) cs(z29)-c(25) 1.587(9)
c(23)-c(2k) 1.131(16)
c({2k)-c(19) 1.458(10)
Bond Angles .
c(5)-c(1)-c(2) 109(1) c(8)-c(6)-c(T) 91.7(6)
c(1)-c(2)-c(3) 108(1) c(6)-¢(7)-c(9) 88.5(6)
c(z2)-c(3)-c(k) 108.5(9) c(7)-c(9)-c(8) 90.9(6)
c(3)-c(s)-c(5) 106.1:(9) c(9)-c(8)-c(6) 89.0(8)
c(k)-c(5)-c(1) 107(1)
cs(1)-c(10)-c(11) 112.5(6) cs(18)-c(1k)-c(15) 1135.2(7)
c(19)-c(11)-c(12) 108.2(6) c(1h)-c(15)-c(16) 111.5(8)
c(11)-c(12)-c(13) 116.3(9) c(15)-c(26)-c(1T7) 111.2(9)
c(12)-c(13)-c3(1) 1305.%(9) €(16)-c(17)-Cs(18) 106.3(9)
¢(23)-cs{1)-c(10) o7-1(6) ¢(17)-cs(18)-c(1k) 97.7(9)
cs(29)-c(25)-cs(26) 1i2.2(6) c(ak)-c(19)-c(20) 116.3(86)
c(2s5)-cs(28)-c(27) 101.8(7) c(1s)-c(20)-c(21) 110.2(7)
cs(26)-c(27)-c(28) 105(1) c(20)-c(21)-c(22) 124.0(9)
c(27)-c(28)-cs(29) 121(1) c(21r}-c(22)-c(23) 122(1)
c(28)-cs(29)-c(25)  99.7(6) c(22)-c(23)-c(ah) 123(1)
o c(23)-c(ak)-c(19) 12:.9(9)
C(6)-c(25)-cs(29) . 122.7(6) c(6)-c(8)-c(10) 133.6(7)
c(6)-c(25)-cs(26) 125.0(6) c(6)-c(T7)-c(19) 134.3(7)
¢(T7)-c(19)-c(=0) 122.1(6) c(7)-c(6)-c(25) 13k.9(7)
c(7)-c(19)-c(2k) 121,.4(7)
c(8)-c{10)-c(11) 123.0(6) c(7)-cl{9)-c(1k) 135.0(7)
c(8)-c{10)-cs(1).  123.5(6) c(8)-¢(6)-c(25) 13%.9(7)
c{9)-c(ak)-cl15) 123.3(5) . c(8)-c(9)-c(1k) 155.0(7)
c(9)-c(1k)-cs(18) 123.0(8) c(9)-c(7)-c(19) 136.5(6)
o ‘ : c(9)-c(8)-c(10) 133.6(7)

(Continued)
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TARLE ¥

Interatomic Distances (A) ard Angles {9) for Compound I (conulnued)

Torsion Angles

c(6)-c(T7)-c{19)-c(20) R
c(8)-c(6)-c(25)-cs(25) -52,8
c(8)-c(9)-c(1h)-c(15) ~5k.k
c(9)-c(8)-c(1o)-c(11) -45,5

respectively and the average bond angies are 90.0° in both structures. These values
compare very favorably with préviously published data [5,18]. The average co-
bait—carbon (C{4)) distances are 1.939(10) A for compound I and 1. 985(9) A
for compound ITI.

The cyclopentadiene rings are also planar and regular. Average Co—C and car-

TABLE VI

(-]
Meen Planes for Compound I with Deviations in A Therefrom

=
'

Tlane Containing C(1). C(2) C(J), c(k),_c(5)

0.3030x - 0.4350y - 0.8479z = -£.0057 x£ = 1.21
c{1) -0.002 (11) c(k) 0.005 (9)
c(2) 0.005 (9) c{3) -0.003 (10)
c(3) -0.066  (9)
B. Plane Containing C(6), C(T7), Cc(8), c(9)
0.3300x - 0.430Cy - 0.84032 = -11.165G X = 1.59
c(6) 0. ooL (7 c{10} -0.15% (T}
c{T) 0.00k (7) c(ik) -0.157 (T7)
c(8) 0.00k g'r) c(19) -0.146 (8)
c(9) -0.004 (T) c(a5) -0.191. {7}
C. Thiophene ring 1 é
D.0037x + C.1552y - 0-987°z = -3.8301 %< = Lo.é
c(10} -c.ok3 {7) c{13) 0.000(10)
c(1y) 0.011 (7) s (1) 0.007 (5)
c(12) Q.025 {9)

'D. Thiophene ring 2
-0.1851x - 0.6420y - O.Thkiz = -13.2461 x° = 15.7

c(al) -0.027 (8) c(at) -0.015(13)
c(13) 0.008 (9) cs(18) 0.018 (6)
c(16) 0.007{10}
E. Thiophene ring 3 2
0.8268x + 0.0708y - 0.5580z = -2.5169 x© = .25
ct2s -0.006 {T7) ) 0228) . o.o0k{12)
: cs(zog -0.005 (7) ' cs(29) -0.006 (6)
c(27) 0.000{16)
F. Phenyl ring 5 ’
0.5761x - 0.753Uy - 0.3170z = -12.11%8 x5 = C.79
c(19 " -0.0C0 (8) c(22) 0.00:(18Y)
c(20) ~0.001 {7) c(23) -0.007(33)
c(21). - -0.9001.(10) c{2k) o.ock (7)
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Interatomic Distances (A) and Angles ( ) for Compound III

TABLE VIT
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Torsion Angles

c(2)-c(1)-c(19)-cs(1)
clk)-c(3)-c(37)-c(a1)
c(1)-c(2)-c(21)-c(26)

Bond Dist. Bond Dist.
Co-C(1) 1.995(9) c(i)-c(2) 1.477(30)
" e(2) 1.982(8) . c(2)-c(3) 1.:58(12)
c(> 2.002(9) c(3)-c(k) 1.458(10)
c(h) . 1.961(9) c(d)-c(z) i.k70(12)
c(11) 2.041(20)
c(12) 2.065(8) c(11)-c(i2) 1.koo(alk)
c{13) 2.058(9) c{12)-c(15) 1.394(12)
c(1k) 2.052(11) c(13)-c(a5) 1.:08(1k)
c(ak) - 2.064%(310) c(as)-c(1k) 1.381(12)
c(ik)-c(a2) 1.b1k(3k)
c(21)-c(22) 1.470(15) c(5)-c(6) 1.k01(16)
c(22)-c(23) 1.251(15) c(6)-c(8) 1.372(1k)-
c(23)-c(2k) 1.289(18) c(8)-c(9) 1.301(15)
c(zk)-c(25} 1.325(22) c(9)-c(10) 1.576(21)
c(25)-c{26) 1.289(16) c(10)-c(7) 1.104(28)
c(z26)-c(a1) 1.455(13) ¢{7)-c(3) 1.463(11) -
cs(1)-c(9) 1.573(10) c(1)-c(19) 1.k50(11)
c{19)-c(18) 1.452(11) c{2)-c(21) 1.465(11)
c(18)-c(17) 1.463(12) c(k)-c(5) 1.483(13)
c(17)-c(16) 1.546(19) a(3)-c(31) 1.ks51(30)
c(18)-cs(1) 1.645(12)
Bond Angles
c(i)~-c{1)-c(2) 83.8(6) c(14)-c(11)-c(12) 109.2(8)
c{1)-c(2)-c(3) 90.4(6) c(11)-c(12)-c(13) 106.6(8)
G(2)-c(3)-c(h) 90.4{6) c(12)-c(13)-c(15) 108.6(8)
c(3)-c(4)-c{1) 90.4(6) c(13)-c{15)-c(1h) 108.7(3)
¢(15)-c{ak)-c(11) 105.9(8)
c{26)-c(21)-c(22) 116.7(8)
c{21)-c{22)-c(23) ~119.6(9) c(16)-cs(1)-c(19) 101.3(6)
c(az)-c(23)-c(2k) 125(1) €s(1)-¢(19)-c(18) 130 4(7)
c(23)-c(ak)-c(e5) 120(1) c(19)-c(18)-c(17) 167.1(8)
c(zlk)-c(25)-c(26) 126(1) c(18)-c(1T)-c(16) 112.5(9)
c{25)-c(26)-c(21) 115.5(9) c(17)-c(a6)-cs(n) 104.9(2)
c(T7)~-c(5)-c(6) - 116.6(8)
" ¢(5)-C(6)-c(8) 116.8(9)
¢(6)-c(8)-c(9) 120.6(9)
c(8)-c(9)-c(10) 119(1)
€(9)-¢(10)-¢(T1) 127(1)
c(10)-¢(1)-c(5) 119.9(9)
€(1)~c(19)-c(18) 12k .6(8) c(1)-c(z2)-c(=1) 131.1(8)
¢(1)-c(19)-cs(1) 121.0(7) ¢(3)-c(2)-c(21) 135.7(6)
¢(2)-c(21)-c(22) 122.9(8) c(2)-c(1)-c(19) 133.8(8)
c(2)-c(21)-c(26) 120.3(8) c(k)-c(1)-c(19) 154.9(7)
¢(k)-c(5)-c(6) 120.3(7) c(3)-c(k)-c(5) 13k.9(7)
c(y)-c(5)-c(7) 125.0(8) c{1)-c(1)-c(5) 135.5(7)
c(3)-c(3*)-c(=2) 155.7(8)
c(3)-c(3t)-c(kt) 135.5(8)

c(1)-c(%)-c(5)-c(6)



TABLE VIII

Mean Planes for Compound III with Deviations in 3 Therefrom

A. TFlzpe Containing C(1), u(c) C(3) (L)

0.7825x - 0.5384y - 0.3127z = x2 = 8.2 ]
c (l) 0.013{10) c(31) 0.10L4(10)
¢ (2) -0.013 (9) c(5) 0.176(10)
c (3) 0.015 (9) c(21) 0.219(9)
c (&) -0.013 (9) c(19) 0.175(10)

B. Cyclorpentadiens ring
0.7592x - 0.3772y - 0.3072z = -2.27k3 x2 = 0.80

c(13) -0.003(21) c(ik) 0.005(11)
c(12) -0.000{10) c(15) ~0.006(10)
c(13) 0.00%(11)
C. Fhenyl ring coniaining C(S) C(6) c(7), c(8), C(9) c{10)
0.1383x - 0.2510y - 0.95T1z = -3.5573 x2 =
c (5) 0.062 (T) c (8) -0.007 (2)
< (6) 0.009 (8) c (9) -0.005 {9)
c (N -0.012 (8) c(10) 0.015(10)
D. Fhenyl ring containing C{21), c(22), c(23). C(QL) c(25), c(=6)
0.068kx - 0.050Ty ~ 0.9963z = 24128 x2 =
c(21) -0.020 (T) c(ak) 0.005(10)
c{22) -0.008 (3) c(25) -0.038(11)
c(23) 0.013(11) c(26) 0.042 (9)
= Thiophene ring
0.8895x + 0.4395y - 0.1250z = 6.60C6 X2 = 0.18
c(16) -0.002{10) c(19) -0.002(10)
C(l ) -0.001{1%) cs (1) 0.002 (T)
c(18) 0.002 (9)

bon——carbon distances are 1.998(10), 1.357(8) and 2.056(4), 1.400(6) A for
com:pounds I and III, respectively and both rings have average bond angles of
108.0°. The cobalt ring centroid distances are Co—R(C(4)), 1.639 A and Co—R
(C(5)), 1.630 A for compound I and 1.694 & and 1.676 A for compound 1.
These bond distances in the case of compound I are somewhat low as are other
interatomie distances in this complex. This may stem in part from the disorder
and in part from the relatively high thermal motion exhibited by this complex.
The cyclobutadiene and cyclopentadiene rings are nearly parallel making dihe-
dral angles of 1.76° and 2.73° for compounds I and III, respectively.

The bond distances and angles observed for the groups attached to the cy-
clobutadiene ring deviate significantly from expected values. This undoubtedly
stems from the severe disorder exhibited by the crystals. In spite of this disorder
some interesting facts emerge from the data. All the rings are planar and are posi-
tioned such that the carbons bonded to the cyclobutadiene ring are below the
plane of this ring in the direction away from the cyclopentadiene ring. These
rings are also twisted about the carbon—carbon bonds linking them to the cyclo-
butadiene ring. The angle of twist is given as the appropriate torsion angle in
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cle
Ci3

cig' cl

’ Ccis
Fig. 3. Molecular structure and numbering scheme for compound IIL

Fig. 4. Thermal ellipsoid plot at the 50% probability level for compound HI.
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Tables V and VIIL A posmve angle mdlcates clockwise rotatlon about the carbon-—
carbon bond when viewed from the cyclobutadiene group outward.

Some aspects of the. disorder require comment. In the electron-den51ty maps
for compound I two rings attached to the cyclobutadiene group had one carbon
atom each of higher electron density than the others. A third ring contained
twe such atoms. Placement of a full sulfur atom at the high density positions
followed by refinement always resulted in a deep negative well at these positions.
Thus, the hybrid scattering factor was adopted and this allowed normal refine-
ment to proceed. In no case was it possible to identify any superposition of
rings. However, examination of temperature factors is quite revealing in this re-
spect. Carbon atoms C(20) and C(24) in the identifiable phenyl ring have much -
smeller temperature factors than the other ring atoms. On the other hand the
atoms designated CS in the thienyl rings exhibit very high thermal motion for
heavy atoms such as sulfur. These abnormal thermal parameters indicate a dis-
order involving phenyl and thienyl rings. That is, the actual ring distribution is -
twe phenyls and two thienyls in harmony with analytical and mass spectroscopic
data. However, the rings are scrambled in such a way as to give the observed
electron densities.:

One possible model indicated by the results is a mixture of cis and trans iso-
mers. If rings in these positions are superposed, then two of the rings combine
phenyl with a thienyl (or vice versa) and two rings are doubly weighted thienyl
or phenyl. These doubly weighted rings are cis to each other corresponding to -
the thienyl group containing two CS type atoms and the phenyl ring in Fig. 1.
Additional phenyl-thieny! disorder between these two groups is also indicated
by the thermal parameters. '

The observed bond distances and angles in the pheny! and thienyl rings re-
flect the disorder. All the CS—carbon bond distances except CS(1)—C(13) in
compound I are shorter than expected for thiophene [20]. This shortening is to
be expected for superposition of a phenyl group with a thienyl ring. At the same
time some of the carbon—carbon bond lengths are longer than expected [20,21],

- ,

Fig. 5. Stereoview of packing in the unit cell of compound 1.
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Fig. 6. Stereoview of molecular packing in the unit cell of compound IIL

in particular C(10)—C(11) in compound I and C(16)—C(17) in both compound
I and III. Interestingly the bond angle subtented at the CS atoms lie roughly
halfway in between those expected for C—S—C and C—C—C in thiophene [20].
The phenyl rings in both complexes exhibited both shorter and longer bonds
than expected. For example in compound I, C(23)—C(24) is very short while
C(19)—C(24) is uncommonly long. However, the average bond distances and
angles are very close to those ideally expected for a phenyl! group. The disorder
In compound III is not as severe as for compound I but still quite evident. The
bond distances and thermal parameters show the same trends as for compound I.
Packing diagrams for the two crystals are shown in Figs. 5 and 6. There are no
contacts less than 3.3 A indicating no unusual intermolecular attractions.
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