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Transannular Interactions in Mixed Superphanes with One
Thiophene and One CpCo-Stabilized Cyclobutadiene Ring:
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Superphanes consisting of one thiophene ring and various substituted RCo-stabilized cyclobutadiene
(CBD) rings (R= Cp, GH4(CHs), Cs(CHs)s, CsH4(Si(CHs)3), CsH4(COCH;s), 8—12) and one superphane
with one thiophene ring and one CpCo-stabilized cyclopentadienone IB)gMere synthesized. The
starting point was a tricyclic diyne with a central thiophene ring and two condensed 4-cyclodekdnes,
Heating of 19 with RCo(COD) yielded8—12, whereas the heating df9 with CpCo(CO) gave 13.
X-ray structural investigation 08—13 afforded the geometrical parameters in the solid state. Cyclic
voltammetry showed a strong interaction between the thiophene ring and the CpCo-stabilized cyclo-
butadiene part. This interaction was substantiated by comparison between the CV 8athd2cdind
model systems containing only the CpCo(CBD) part.

Introduction Chart 1. Examples for Superphanes +4 and Mixed

. . Superphanes
The term “phane” is commonly used when two cyclic perp

conjugatedr-systems are fixed on top of each other by alkane
bridgest When all hydrogens of both conjugateesystems are

DI
replaced by bridges between theaunits, the term “superphane” +
is used. This definition is best illustrated by looking at the first
superphanel)), which was reported by Boekelheide et al. in =

19792 It consists of two benzene rings that are tied on top of @
each other by six ethandiyl bridges. The superphane terminology 1 3
can easily be extended to other cyclic conjugateslystems

such as2—4%° to name only a few. The term “mixed

superphane” is commonly used when two different conjugated o =

<R
c':o :

m-systems are “supertied” to each other. We became interested << Co

in such species when we studied the electrochemical oxidation m

of 3 by cyclic voltammetry (CV¥ In the case when the electron @ HO

hole is localized in one part of the superphane, we are dealing ~ g

with a donor-acceptor species. Such species can also be @
7

generated by discriminating the sides of the superphanes 5 6 8
structurally as shown i5—7."9 For studying the electronic  reported briefly the synthesis 8f1° which can be looked at as
interaction prevailing in a mixed superphane we developed a 3 mixed superphane betwegand4. In this paper we describe
route to synthesize various derivatives @f Recently, we in detail the synthesis of the superphar@sl13 and their
structural and electrochemical properties.
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315(31)(t|?)eéler¥S: (F?) (E{Iener, E.;I:;Iraéz, D\(c:c. IChﬁm- R(e:%993 %f:;l,tl— SynthesesOur previous studies showed that the best way
. eiter, R.; Roers, R. IMlodern Cyclophane Chemistréleiter, Ty ; : ; i 10
R.. Hopf, H., Eds: Wiley-VCH: Weinheim. 2004: pp 10529, (c) to §ynthe3|zé§ 13 |s.by startlng with the tricyclic dlyn&9.l
Boekelheide, VAcc. Chem. Re<98Q 13, 65—70. This system is readily available from 5-cyclodecyndd)(in
(2) (a) Sekine, Y.; Brown, M.; Boekelheide, Y. Am. Chem. Sod979 eight steps?
igé i%e?i:’i%g (b) Sekine, .; Boekelheide. ¥. Am. Chem. Sod.981, In Scheme 1 we summarize the synthesi$®fThe key step
(3) Hisatome, M.; Watanabe, J.; Yamakawa, K.; litakaJYAm. Chem. in our strategy was the reaction db to 16 in a one-pot
Soc.1986 108 1333-1334.
(4) Gleiter, R.; Karcher, M.; Ziegler, M. L.; Nuber, Betrahedron Lett. (8) (a) Staab, H. A.; Schwendemann, V. Mebigs Ann. Cheml979
1987, 28, 195-198. 1258-1269. (b) Staab, H. A.; Schwendemann, V. Mgew. Cheml978
(5) Takeshita, M.; Koike, M.; Tsuzuki, H.; Tashiro, M. Org. Chem. 90, 805-807; Angew. Chem., Int. Ed. Engl978 17, 756-757.
1992 57, 4654-4658. (9) Gleiter, R.; Roers, R.; Classen, J.; Jacobi, A.; Huttner, G.; Oeser, T.
(6) Stoll, M. E.; Lovelace, S. R.; Geiger, W. E.; Schimanke, H.; Hyla- Organometallic200Q 19, 147-151.
Kryspin, I.; Gleiter, R.J. Am. Chem. S0d.999 121, 9343-9351. (10) Gath, S.; Gleiter, R.; Schaller, R. J.; RomingerQkganometallics
(7) Gleiter, R.; Kratz, DTetrahedron Lett199Q 31, 5893-5896. 2004 23, 1116-1121.
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Chart 2. Superphanes 9-13 of 8 was previously reportet. In the molecular structures of
R % 8—12 the propandiyl bridges at the positionsto the sulfur
o Co atom adopt a conformation in which the central Gjtoups of
> the chains point away from the heteroatom (see Figure 2). The
@ X-ray data for1l3 show asynconfiguration of the thiophene
- — and cyclopentadienone rings (Figure 3). In this case the central
CH, groups of the propandiyl bridges in tleepositions to the

R= C5H4(CH3) 9

c 13 heteroatoms point toward those, and the chains igtpesitions
5(CHa)s 10 - . . -

CaHa(Si(CHa)s) 11 show a mixture _of two conformations in the ratio of 60:40. Both
CsHa(COCHg) 12 are shown in Figure 3b.

To describe the geometric relationship between the thiophene
ring and the RCo-complexed diene ring, we use the orthogonal
distances of the latter four carbon atoms from a plane spanned
by the four carbon atoms of the thiophene ring (Chart 3). For
8to 12it is found that the RCo-complexed cyclobutadiene ring
is almost perfectly parallel to the plane through the four carbon
atoms of the thiophene ring. The distance between the two planes
amounts to 289 2 pm (Table 1). In the cyclopentadienone
complex13 however, the two planes of the aromatic superphane
rings are no longer parallel; they incline by abobitiresumably
due to the steric demand of the carbonyl group opposite the
sulfur atom. In all cases the sulfur atom is slightly bent out of
the thiophene ring by about 8 pm away from the opposite diene
ring. It is interesting to note that the bridges in tgositions
in 13adopt a conformation in which the central methylene group
points toward the S atom, unlike tlebridges in8—12 (e.g.,
Figure 2).

procedure using in situ-prepared zirconocene (A2} and
S,Cl, following protocols published by Negishi et #l.and
Nugent et al? The resulting tricyclic thiophene derivativie

was transferred to the isomeric mixture15f by removing the
protecting groups with agueous HF and subsequent oxidation
of the mixture of isomeric alcohols with pyridinium chloro-
chromate. For the transformation &7 to 19 we followed a
protocol first published by Lalezari et &.

By heating19 in mesitylene at 165C with various Cp-
substituted {*-cyclooctadiene)f>-cyclopentadienyl)cobalt spe-
cies (RCo(COD)) we obtained our target molecukesl12
(Scheme 2). By heating9in decalin at 190C in the presence
of dicarbonylg®>-cyclopentadienyl)cobalt [CpCo(Cg)we iso-
lated in 50% vyield the superphaid8 (Scheme 2).

To estimate the contribution of the thiophene moiet@+13

upon the electrochemical oxidation of the cyclopentadienyl . .
cobalt-cyclobutadiene (CpCo(CBD)) unit, we prepared model To OFSCF be thet b?ntﬂlng IOf the (;atrr?on_atoms bdm;_nd éot;he
systems in which the thiophene ring was absent. We chose thedromatic nngs out of the planes ol the ring, we detine €

system22—28. In 22—24 and28 the effect of the bridges was angleso, §, o', andf’ (Tab_le 1) calculated fr(_)m th_e arithmetic
approximately taken care of by the ethanyl substituents. When means of the corresponding angles as defined in Chart 3. For

we planned our synthesis, we assumed that the ethanyl group58;13t the aln%esa arebllar?i:er th?rﬁ’ Wher:f‘?ﬁw anddﬁb a;ﬁ
were oriented away from the cyclobutadiene unit for sterical about equal. Fresumably the enlargeme caused by the

reasons. Ir25—27 we have CpCo(CBD) units with pentameth- same steric reason as the out-of-plane bending of the sulfur atom.

ylene bridges that are oriented more or less in the plane of the, The bending (.)f.t.he substﬂuents_away frc.)m. the CpCo moiety

four-memberedz-system. in 24 and27 (definition analogous) is very similar to that found
The synthesis c22—28 was straightforward, as summarized for the superphane®-12; thus we can assume that the bending

in Scheme 3. The tetraethyl derivative2—24 were obtained indicatc_ad byor andﬁ’_ is not_due to s_train in the superphane.
by heating 3-hexyne2() at 170 °C with RCo(COD). The chllc Voltammetric Studles._Cycllc voltammetry (CV) is
samples were red-colored, air-sensitive oils that solidified at SUitable to study the effects of intramolecular redox processes.
low temperatures. Similarl25—27 were synthesized by heating Several studies on cyclophangs revealed that th(_)se molecules
1,8-cyclotetradecadiyn@{)1415with RCO(COD) at 170C in th_at were substltu_ted by thlophene_s or that incorporated
decalin. The cyclopentadienone derivatB@was prepared by thiophene or tetrathiafulvalene (TTF) rings into the cyclophane
heating 3-hexyne with CpCo(COin decalin at 176-180°C 2 scaffol_d or that were complexed by metal fragments show
In the case oR4we were able to confirm our assumption that '€Versible oxidation processésTherefore, we also expected
the four ethyl groups are bent away from the CpCo fragment for our mixed superphanes useful rgsults in terms of re\{er5|_ble
by X-ray studies on single crystals (Figure 1). The X-ray redox processes. In Table 2 we list the recorded oxidation
investigations or27 revealed that the methylene groups bound potentials oB8—13as well a22—28relative to that of ferrocene/

to the cyclobutadiene ring are bent away from the metal (see ferrocenium (Fc/Ft). The latter value was determined tc_> be
below). 500+ 10 mV vs Ag/AgCl at room temperature. A comparison

Structural Investigations. In the cases 0B—13 we were of our oxidation studies with those of several CpCo-stabilized
. P \
able to grow single crystals, which provided their molecular sugelrphanég S:(’WS that the ei)lectron lshrerglovedffrr(])m the
structures in the solid state. In Figures 2 and 3 we show as anCOPalt center. The comparison between the data of the super-
example the molecular structures tf and 13, The structure ~ Phanes8—12reveals that methyl groups at the Cp ring lower
the oxidation potential considerably, (10 in Table 2) as

(11) Negishi, E.: Holmes, S. J.: Tour, J. M.; Miller, J. A.; Cederbaum, Ccompared to the parent syste8nThe trimethylsilyl (1) and

F. E.; Swanson, D. R.; Takahasffi.J. Am. Chem. So¢989 111, 3336~ the acetyl {2) substituent increase the oxidation potential. For
3346. 13 the oxidation potential is irreversible, as found for other
2392?) Fagan, P. J.; Nugent, W. 8. Am. Chem. S0d98§ 110, 2310- CpCo-substituted cyclopentadienone compléxes.

(13) (a) Lalezari, I.; Shafiee, A.; Yalpani, Metrahedron Lett1969 To elucidate the effect of stabilizing the positive charge at

5105-5106. (b) Lalezari, I.; Shafiee, A.; Yalpani, Mingew. Chem., Int. the CpCo(CBD) fragment i8—12 by the thiophene ring, we
Ed. Engl.197Q 9, 464.

(14) (a) King, R. B.; Efraty, A.J. Am. Chem. Sod97Q 92, 6071 have compared in Figure 4 the differences of the oxidation
6073. (b) King, R. B.; Efraty, AJ. Am. Chem. S0d.972 94, 3021-3025.
(15) Gleiter, R.; Treptow, B.; Kratz, D.; Nuber, Betrahedron Lett. (16) Speiser, B. IfMModern Cyclophane Chemistrileiter, R., Hopf,

1992 33, 1733-1736. H., Eds.; Wiley-VCH: Weinheim, 2004; pp 35879.
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Scheme 1

o- SI+ TBSO-L L OTBS
ICO/ ~ O8] T [
Toav% 84°/

o S
15

Cadﬁ W%
5% 82%
] )
—_— 7\
47%

S

19
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Scheme 3 cyclobutadiene rings d8—12 with the model systemg2—27
=R reveals a low-field shift of the signals in the latter species,

. T indicating that in the superphan8s9, and 12 the thiophene
2 /%/ + (CsH4R)CO(COD) A, C%"

20 R = H, CHs, COCHj 2224

R

|
+ (CsHsR)Co(COD) _ A, &(ﬁﬁ

21 R =H, CH3, COCH3 25-27

c
2 /%/ + CpCo(CO), _AL 2
= 1

potentials (OP) 08, 9, and12 with the model system22—24 b)
on one side an@5—27 on the other. The comparison shows a

strong shift of the oxidation potential toward higher values when

the thiophene ring was removed. Depending on the model @—
system 22—24 or 25—27), the stabilization is on the order of Co
121-132 or 8794 mV, respectively. Both values argue for a

strong charge transfer during the oxidation process.

A slight substituent effect can also be seen in the ground-
state properties 08—12 by comparing the chemical shift of
the 13C NMR spectra oP—12 with those of8 (Table 3). We
find a low-field shift for thel3C signals at the cyclobutadiene
rings of 9 and 10 with the donor ligands. A high-field shift of  Figure 1. Molecular structures &4 and27. The hydrogen atoms
the respective signals was encountered in the ca%2 @fable are omitted for the sake of clarity. The thermal ellipsoids are drawn
3). A comparison between thé&’C NMR signals at the at the 50% probability level.
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Figure 2. (a) Molecular stucture oil. The hydrogen atoms are
omitted for the sake of clarity. The thermal ellipsoids are drawn at
the 50% probability level. (b) Conformation of the propandiyl
bridges in11. For the sake of clarity we have omitted theHz-
TMSCo fragment and the hydrogen atoms.

Figure 3. (a) Molecular structure of3. The hydrogen atoms are
omitted for the sake of clarity. The thermal ellipsoids are drawn at
the 50% probability level. (b) The conformations of the propandiyl
bridges give rise to two conformers per bridge in the ratio 60:40.
For the sake of clarity we have omitted the CpCo fragment and
the hydrogen atoms.

ring causes a slight charge transfer as compared to the CpCo

(CBD) models (Table 4).

Organometallics, Vol. 26, No. 3, 377

Chart 3. Definition of Selected Geometrical Parameters of
8—13

Table 1. Orthogonal Distances 4, b) and Bonding Angles
(o, g, o', p') of 8—13, 24, and 27

a[degP p[degP o'[degP p'[degP a[A]® b[A]°

8 112 2.4 6.9 7.4 291 289

9 112 2.0 5.7 8.3 2.89 289

11.2 2.7 6.6 8.0 289 289

115 2.3 6.4 7.7 290 289

10 115 2.2 7.1 7.4 291 289

1 115 1.7 6.8 8.0 290 288

12 106 2.9 6.0 7.4 2.87 288

13 9.3 3.2 43 3.8 299 287
24 438 7.3
27 6.5 8.2

a0 andf are the arithmetic means of, o andf, 2, respectively.
b’ andB’ are the arithmetic means of/', oy’ andp1’, B2, respectively.
¢aandb are the arithmetic means af, a; andb;, by, respectively. For the
definition of the used abbreviations see Chart 3.

Table 2. Oxidation Potentials (mV) of 8-13 and 22-28
Relative to That of Fc/Fc"

8 —77° 12 +158 24 +290 28 +677
9 —109 13 +5012 25 +10

10 —257 22 +46 26 —-21

11 -8 23 +12 27 +252

2]rreversible

To interpret the observed shifts of the oxidation potentials
between superphanes and the models, we have carried out
single-point calculations 08, adopting the geometrical param-
eters found by X-ray investigations. The calculations were
performed using the Gaussian 03 program pacRay¢e used
the RHF-SCF method applying the 6-311G* basis set for S, C,
and H28 For Co we have chosen Wachters’ (14s, 9p, 5d) basis
set augmented with a 4f polarization functi&nf-or the sake
of a clear representation we show in Figus a schematic
drawing instead of the isosurface of the HOMO. The wave
function clearly shows strong-character on the cyclobutadiene
and thiophene part. This explains the strong effect of the
thiophene ring encountered in our electrochemical experiments.

(17) Frisch, M. J.; Trucks, G. W.;Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, N.;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D. Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.;. Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C. and Pople JGaussian 03
Revision B.03; Gaussian, Inc.: Wallingford, CT, 2004.

(18) Krishnan, K.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
198Q 72, 650-654.
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Figure 4. Comparison between the oxidation potentials (OP) of
8, 9, and12 (center),22—24 (left), and25—27 (right).
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Table 3. Comparison between thé3C Chemical Shift Data
at the Cyclobutadiene (CBD) Carbon Atoms of 9-12
Relative to 8, Showing the Electronic Effects of the Cp

Substituents

6CBD A(S
8 78.5 0

75.9 0
9 7.7 —-0.8

75.2 -0.7
10 73.9 —4.6

72.1 —-3.8
11 78.5 0.0

75.8 -0.1
12 80.6 +2.1

78.0 +2.1

Table 4. Comparison between thé3C Chemical Shift Data

at the Cyclobutadiene (CBD) Carbon Atoms of 8, 9, and 12

with Those of 22-27, Showing the Electronic Effect of the
Thiophene Ring

dcep OcBD Ad OcBD Ad
8 78.5 22 79.8 -1.3 25 79.5 -1.0
75.9 -3.9 —-3.6
9 7.7 23 78.9 -1.2 26 78.5 -0.8
75.2 -3.7 -3.3
12 80.6 24 81.7 -1.0 27 81.5 -0.8
78.0 —-3.6 —-3.4

Experimental Section

General Methods.All reactions were conducted with oven-dried

glassware under argon atmosphere with magnetic stirring. Decalin
and mesitylene were dried with sodium and distilled under argon.

Gath et al.

2

S

Figure 5. Schematic drawing of the highest occupied MO8of
according to a HF-SCF calculation.

meter. The high-resolution mass spectra (HRMS) were recorded
in the FAB+ or El (70 eV) mode. Elemental analyses were carried
out by the Mikroanalytisches Laboratorium der Univétdidaidel-
berg.

The electrochemical experiments were carried out using the
traditional three-electrode, three-compartment cell geometry with
a Metrohm PGStat 20 potentiostat using a glassy carbon disk
working electrode, a Pt wire counter electrode, and a Ag/AgCI
reference electrode. The measurements were carried out in
CH.Cl, solution containing 0.1 Mn-Bu;NPF; as a supporting
electrolyte with scan rates of 5®00 mV/s at room temperature.
An internal standard of ferrocene was added near the end of each
experiment to calibrate the potentials. The cyclic voltammograms
were measured betweer2.5 and+2.5 V. The concentration of
the measured compounds was 3d@nol/L. The interpretation of
the cyclic voltammograms was carried out graphically following
the diagnostic criteria proposed by Nicholson and SRain.

1,2,3,6,7,8,9,10,11,14,15,16-Dodecahydro-4,5,12,13-tetradehy-
dro-1H,9H-dicyclodecal,d] thiophene 19) and the superpharg
were prepared according to literature meth¥ti3.

Preparation of Superphanes 9-12. To a heated (165C)
solution of 1.25 mmol of RCo(COD), with R= CsH4(CHs), Cs-
(CHg)s, CsHy(Si(CHg)3), and GH4(COCH), in 50 mL of mesitylene
was added a solution of 150 mg (0.50 mmol)1&in 100 mL of
mesitylene within 2 h. The progress of the reaction was controlled
by TLC. After all of 19 had disappeared (12 h), the solvent was
removed under vacuum. The residue was dissolved in petroleum
ether and purified on basic Alox Ill. After removal of the solvent,
the corresponding products were obtained.

Complex 9. Starting material: 308 mg @l4(CH;))Co(COD),
yield: 52 mg (24%) of yellow crystals, mp: 14%. 'H NMR
(300 MHz, GDg): 9 4.35 (ps, 2H, Cp), 4.26 (ps, 2H, Cp), 2:92
2.79 (m, 2H, CH), 2.58-2.40 (m, 6H, CH), 2.40-2.27 (m, 2H,
CHy), 2.17-1.93 (m, 6H, CH), 1.92 (s, 3H, CH), 1.86-1.69 (m,
6H, CH), 1.62-1.47 (m, 2H, CH). 3C NMR (75 MHz, GDg):

0 137.9 (Th), 131.8 (Th), 91.6 (C, Cp), 81.2 (CH, Cp), 80.1 (CH,
Cp), 77.7 (CBD), 75.2 (CBD), 26.6 (G 26.5 (CH), 26.4 (CH),
25.8 (CHp), 25.6 (CH), 23.8 (CH), 13.0 (CHy). IR (KBr): 3085
(w), 2957-2851 (s), 1718 (m), 1636 (s), 1458 (m), 1431 (s). CV:
—109 mV (referenced to the ferrocene/ferrocenium couple). UV/
Vis (CH,Cly, Amax NM, loge): 238 (4.20), 284 (4.55), 310 (3.30).
Anal. Calcd for GgH3:C0S (434.53): C, 71.87; H, 7.19; S, 7.38.
Found: C, 71.65; H, 7.11; S, 7.38.

Complex 10. Starting material: 378 mg @CHs3)s)Co(COD),
yield: 42 mg (17%) of bright orange crystals, mp:280°C dec.

Decalin was degassed prior to using. Melting points are uncorrected.'H NMR (500 MHz, GDg): 0 2.98-2.85 (m, 2H, CH), 2.62-

Material for column chromatography: silica gel 60 (Machery-
Nagel), Alox Il (VWR). NMR spectra were recorded at 300 or
500 MHz (H) and 75.5 or 125.8 MHZzC), respectively, using

2.50 (m, 4H, CH), 2.50-2.32 (m, 2H, CH), 2.07-1.92 (m, 2H,
CHy), 1.89-1.75 (m, 12H, CH), 1.74 (s, 15H, Ch), 1.67-1.55
(M, 2H, CH). 3C NMR (125 MHz, GDg): ¢ 137.8 (Th), 131.8

the solvent as internal standard. The IR spectra were recorded with(Th), 86.9 (Cp), 73.9 (CBD), 72.1 (CBD), 26.8 (G}126.6 (CH),

a Bruker Vector 22 FT-IR instrument. The UV/vis absorption

26.5 (CHy), 26.0 (CH), 24.4 (CH), 22.4 (CH), 9.5 (CH). IR

spectra were recorded using a Hewlett-Packard 8452 A spectro-(KBr): 2956—2851 (s), 1628 (br), 1459 (m), 1430 (s), 1378 (s),

(19) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033-1036.

(20) Nicholson, R. S.; Shain, Anal. Chem1965 37 (2), 178-190.
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1313 (m), 1028 (s). CV:—257 mV (referenced to the ferrocene/
ferrocenium couple). UVNis (CHLIl,, Amax, NM, l0ge): 244 (4.23),
292 (4.58), 328 (3.55), 370 (2.94). Anal. Calcd fosg@:sC0S
(490.64): C, 73.44; H,8.01; S, 6.54. Found: C, 73.34; H, 8.04; S,
6.61.

Complex 11. Starting material: 380 mg of @E4(Si(CHs)3))-
Co(COD), yield: 145 mg (59%) of bright orange crystals, mp: 103
°C.1H NMR (300 MHz, GDe): 6 4.54-4.49 (m, 2H, Cp), 4.49
4.44 (m, 2H, Cp), 2.982.79 (m, 2H, CH), 2.59-2.53 (m, 1H,
CH,), 2.53-2.42 (m, 5H, CH), 2.41-2.25 (m, 2H, CH), 2.25~
1.90 (m, 6H, CH), 1.90-1.67 (m, 6H, CH), 1.61—1.46 (m, 2H,
CH,), 0.28 (s, 9H, CH). 3C NMR (125 MHz, GDe): & 137.8
(Th), 131.7 (Th), 84.9 (CH, Cp), 84.7 (CH, Cp), 83.9 (C, Cp), 78.6
(CBD), 75.8 (CBD), 26.6 (ChH), 26.4 (CH), 26.3 (CH), 26.2
(CH,), 25.7 (CH), 24.5 (CH), 0.6 (CH). IR (KBr): 3083 (w),
2943-2852 (s), 1638 (br), 1426 (m), 1246 (m), 1164 (m), 1031
(m), 833 (s). CV:—8 mV (referenced to the ferrocene/ferrocenium
couple). UV/Iis (CHCIy, Amax, NM, loge): 256 (3.68), 286 (3.81),
326 (3.26). Anal. Calcd for §H3/CoSSi (492.69): C, 68.26; H,
7.57; S, 6.51. Found: C, 68.52; H, 7.58; S, 6.63.

Complex 12.Starting material: 343 mg of @El4(COCH;))Co-
(COD), yield: 65 mg (28%) of orange crystals, mp: 1%7. H
NMR (300 MHz, GDg): 0 4.92 (ps, 2H, Cp), 4.45 (ps, 2H, Cp),
2.85-2.73 (m, 2H, CH)), 2.50-2.36 (m, 4H, CH), 2.34-2.20 (m,
4H, CH), 2.15 (s, 3H, Ch), 2.01-1.80 (m, 6H, CH), 1.79-1.60
(m, 6H, CH), 1.58-1.43 (m, 2H, CH). 13C NMR (125 MHz,
CsDg): 6 194.7 (CO), 137.9 (Th), 132.4 (Th), 93.4 (C, Cp), 85.2
(CH, Cp), 81.1 (CH, Cp), 80.7 (CBD), 78.1 (CBD), 26.8 (§H
26.5 (CHy), 26.2 (CH), 26.1 (CH), 25.5 (CH), 25.1 (CH), 23.4
(CHy). IR (KBr): 3090 (w), 2954-2852 (s), 1649 (s), 1454 (s),
1363 (m), 1283 (s). CV:+158 mV (referenced to the ferrocene/
ferrocenium couple). UVINis (CILl,, Amax, NM, loge): 280 (4.39),
332 (3.66), 398 (3.00). Anal. Calcd forf13:0SCo (462.54): C,
70.11; H, 6.76; S, 6.93. Found: C, 70.04; H, 6.70; S, 6.92.

Preparation of Superphane 13.To a heated (190C) solution
of 405 mg (2.25 mmol) of CpCo(C@)n 60 mL of decalin was
added a solution of 150 mg (0.50 mmol)18in 110 mL of decalin
within 5 h. The progress of the reaction was controlled by TLC.
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Complex 22.Starting material: 0.93 g of CpCo(COD), yield:
0.43 g (37%) of a dark orange liquitHd NMR (500 MHz, GDg):
0 4.65 (s, 5H, Cp), 2.061.80 (m, 8H, CH), 1.14-0.97 (m, 12H,
CHg). 13C NMR (125 MHz, GDg): ¢ 79.8 (CBD), 79.7 (Cp), 20.5
(CHy), 14.8 (CHy). IR (KBr): 2866 (s), 1757 (w), 1684 (w), 1608
(w), 1460 (s), 1368 (s), 819 (s). C\V46 mV (referenced to the
ferrocene/ferrocenium couple). UV/ivis (GEl,, Amax, NM, loge):
234 (3.08), 264 (3.24), 298 (2.03), 380 (1.53). Anal. Calcd for
Ci7H2sCo (288.15): C, 71.51; H, 9.00. Found: C, 71.59; H, 8.91.

Complex 23.Starting material: 0.98 g #E14(CHs))Co(COD),
yield: 0.67 g (55%) of a dark red liquidH NMR (500 MHz,
CeéDe): 0 4.56 (M, 2H, Cp), 4.49 (m, 2H, Cp), 2.31.78 (m, 11H,
CH,, CpHs), 1.37-0.71 (M, 12H, CHCHa). 13C NMR (125 MHz,
CsDg): 0 92.4 (C, Cp), 80.7 (CH, Cp), 79.0 (CH, Cp), 78.9 (CBD),
20.3 (CH), 14.8 (CH-CHa), 13.2 (CpGs). IR (KBr): 3088 (w),
2962-2870 (s), 1458 (m), 1371 (br), 1313 (w), 1052 (m), 1038
(m), 1021 (m), 821 (m), 799 (s). CV+12 mV (referenced to the
ferrocene/ferrocenium couple). UV/vis (GEl2, Amax NM, loge):
268 (4.34), 302 (3.16), 378 (2.81). Anal. Calcd foigd,,Co
(302.34): C, 70.82; H, 8.74. Found: C, 70.82; H, 8.73.

Complex 24.Starting material: 1.10 g of @l,(COCH;))Co-
(COD), yield: 0.90 g (68%) of a red liquidH NMR (500 MHz,
CsDe): 0 5.15 (t, 2H, Cp), 4.65 (t, 2H, Cp), 2.10 (s, 3H, (CO)-
CHa), 1.78 (g, 8H, CH)), 0.95 (t, 12 H, CH-CH3). 13C NMR (125
MHz, CeDg): ¢ 195.2 (CO), 94.0 (C, Cp), 83.8 (CH, Cp), 81.7
(CBD), 81.0 (CH, Cp), 27.1 ((C@H3), 19.9 (CH), 14.2 (CH-
CHa). IR (KBr): 2964-2873 (s), 1670 (s), 1455 (m), 1413 (w),
1372 (w), 1262 (s), 1097 (br), 1019 (br), 864 (m), 801 (br). CV:
+290 mV (referenced to the ferrocene/ferrocenium couple). UV/
Vis (CHxCla, Amax NM, loge): 260 (4.20), 284 (3.94), 328 (3.48),
384 (3.05). Anal. Calcd for {gH,70Co (330.35): C, 69.08; H, 8.24.
Found: C, 68.75; H, 8.27.

Preparation of (1,2:8,9#*Tricyclo[7.5.0.0>8tetradeca-1,8-
diene)@®>-cyclopentadienyl)cobalt (25), (1,2:8,9#*Tricyclo-
[7.5.0.¢8tetradeca-1,8-diene)(1-methyl®-cyclopentadienyl)-
cobalt (26), and (1,2:8,9%*Tricyclo[7.5.0.C?8tetradeca-1,8-
diene)(1-carboxymethyly>-cyclopentadienyl)cobalt (27)A solution
of 0.94 g (5 mmol) of freshly sublimed 1,8-cyclotetradecadiyne

After all 19 had disappeared (8 days), the solvent was removed (21) and 5 mmol of RCo(COD), whereas-RCp, GH4(CH), and
under vacuum. The residue was dissolved in dichloromethane andCsH4(COCH), in 150 mL of decalin was heated to 17G for 4

purified on basic Alox Ill. After removal of the solvent, 116 mg
(52%) of dark orange crystals was obtained, mp 280dec.'H
NMR (500 MHz, GDg): 6 4.17 (s, 5H, Cp), 3.042.94 (m, 2H,
CH,), 2.85-2.79 (m, 2H, CH), 2.72-2.57 (m, 4H, CH), 2.54-
2.47 (m, 2H, CH), 2.35-2.28 (m, 2H, CH), 2.22-2.14 (m, 2H,
CHy), 2.13-2.07 (m, 2H, CH), 1.91-1.68 (m, 8H, CH). 13C NMR
(125 MHz, GDg): 6 151.2 (CO), 140.0 (Th), 134.9 (Th), 88.7 (Cpd)
85.2 (Cpd), 82.0 (Cp), 27.9 (G) 27.7 (CH), 26.1 (CH), 25.3
(CHy), 24.6 (CH), 24.4 (CH). IR (KBr): 3093 (w), 2954-2849
(s), 1639 (s), 1544 (s), 1453 (s), 1157 (m), 1107 (m) 1078 (m),
1006 (m). CV: +501 mV (referenced to the ferrocene/ferrocenium
couple). UV/Iis (CHCIy, Amax,NM, loge): 280 (4.04), 330 (4.22).
HRMS (FAB+): calcd for GeH30OCoS (448.51) 449.1349, found
449.1398. Anal. Calcd for £H,0SC00.15CHCI, (461.25): C,
68.09; H, 6.40; S, 6.95. Found: C, 68.12; H, 6.65; S, 6.73.

Preparation of (*-1,2,3,4-Tetraethylcyclobutadiene){®>-cy-
clopentadienyl)cobalt (22), §*1,2,3,4-Tetraethylcyclobutadiene)-
(1-methyl-5-cyclopentadienyl)cobalt (23), and4*-1,2,3,4-Tetra-
ethylcyclobutadiene)(1-carboxymethyly®-cyclopentadienyl)-
cobalt (24).To a heated (19€C) solution of 4 mmol of RCo(COD),
with R = Cp, GH4(CHz), and GH4(COCH), in 300 mL of decalin
was added a solution of 0.98 g (12 mmol) of 3-hexy2@ (n 300
mL of decalin within 24 h. The temperature was lowered to 150

°C for another 24 h. After the solvent was removed under vacuum,

days. After the solvent was removed under vacuum, the residue
was dissolved in petroleum ether and purified on basic Alox IIl.
After removal of the solvent, the corresponding products were
obtained.

Complex 25. Starting material: 1.16 g of CpCo(COD), yield:
0.58 g (37%) of red crystals, mp: 9&. *H NMR (500 MHz,
CeDg): 0 4.76 (s, 5H, Cp), 2.031.75 (m, 10H, CH), 1.75-1.42
(m, 8H, CHy), 0.91-0.74 (m, 2H, CH). 3C NMR (125 MHz,
CsDg): 0 79.5 (CBD), 79.2 (Cp), 31.1 (CH| 30.8 (CH), 28.2
(CHy). IR (KBr): 3083 (w), 2911 (s), 2847 (m), 2814 (s), 1628
(br), 1442 (s), 1429 (m), 1326 (m), 1226 (m), 1106 (m), 996 (m),
801 (s). CV: +10 mV (referenced to the ferrocene/ferrocenium
couple). UV/vis (CHCIy, Amax, NM, loge): 266 (4.30), 302 (3.09),
378 (2.49). Anal. Calcd for fgH,sCo (312.34): C, 73.06; H, 8.07.
Found: C, 73.04; H, 7.89.

Complex 26.Starting material: 1.23 g of @El4(CH;))Co(COD),
yield: 0.46 g (28%) of red-brown crystals, mp 9G. 'H NMR
(500 MHz, GDeg): 6 4.70 (ps, 2H, Cp), 4.64 (ps, 2H, Cp), 2:01
1.73 (m, 13H, CH and CH), 1.73-1.42 (m, 8H, CH), 0.95-
0.78 (m, 2H, CH). 13C NMR (125 MHz, GDs): ¢ 92.1 (C, Cp),
80.5 (CH, Cp), 78.2 (CH, Cp), 78.5 (CBD), 31.0 (g§H30.7 (CH),
27.9 (CH), 13.6 (CH). IR (KBr): 3075 (w), 29572843 (s), 2815
(m), 1637 (br), 1440 (s), 1326 (m), 1220 (s), 1023 (m), 838 (m),
795 (s). CV: —21 mV (referenced to the ferrocene/ferrocenium

the residue was dissolved in petroleum ether and purified on basiccouple). UV/vis (CHCI,, Amax, NM, loge): 270 (4.42), 300 (3.50),

Alox IIl. After removal of the solvent, the corresponding products
were obtained.

368 (3.11). Anal. Calcd for §H,7Co (326.37): C, 73.60; H, 8.34.
Found: C, 73.39; H, 8.26.
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Complex 27.Starting material: 1.37 g ¢El4(COCH;))Co(COD),
yield: 1.12 g (63%) of red-brown crystals, mp: 131.'H NMR
(500 MHz, GDg): 6 5.38 (ps, 2H, Cp), 4.69 (ps, 2H, Cp), 2.10 (s,
3H, CH), 1.89-1.74 (m, 10H, CH), 1.56-1.45 (m, 4H, CH),
1.45-1.35 (m, 4H, CH), 0.80-0.71 (m, 2H, CH). 13C NMR (125
MHz, CsD¢): 6 195.6 (CO), 93.4 (C, Cp), 83.4 (CH, Cp), 81.5
(CBD), 80.8 (CH, Cp), 30.7 (Ch), 30.2 (CH), 27.5 (CH), 26.8
(CHs). IR (KBr): 3093 (w), 2922-2820 (s), 1666 (s), 1453 (s),
1421 (m), 1373 (s), 1326 (m), 1282 (s), 1223 (m), 1034 (m), 1016
(m), 892 (m), 815 (s), 620 (s). CV+252 mV (referenced to the
ferrocene/ferrocenium couple). UV/vis (G2, Amax NM, loge):
262 (4.33), 288 (4.03), 322 (3.59), 388 (2.89), 312 (4.42). Anal.
Calcd for GoH»7Co (326.37): C, 71.18; H, 7.68. Found: C, 71.22;
H, 7.55.

Preparation of (*-2,3,4,5-Tetraethylcyclopentadienonejf-
cyclopentadienyl)cobalt (28).To a heated (190C) solution of
540 mg (3 mmol) of CpCo(CQ)n 50 mL of decalin was added a
solution of 740 mg (9 mmol) of 3-hexyn&() in 100 mL of decalin
within 24 h. The temperature was lowered to 1770, and the
mixture was stirred for another 5 days. After the solvent was
removed under vacuum, the residue was dissolved in dichlo-
romethane and purified on basic Alox Ill. After removal of the
solvent, 655 mg (69%) of red crystals was obtained, mp&72H
NMR (500 MHz, GDg¢): 6 4.29 (s, 5H, Cp), 3.132.86 (m, 6H,
CHy,), 2.71-2.60 (m, 2H, CH), 1.63-1.57 (m, 12H, CH). 1*C
NMR (125 MHz, GDg): 6 157.6 (CO), 100.4 (Cpd), 91.8 (Cpd),
89.5 (Cp), 24.5 (Ch), 24.0 (CH), 21.0 (CH), 19.4 (CH). IR
(KBr): 3092 (w), 2968-2873 (s), 1572 (s), 1468 (m), 1451 (m),
1056 (m), 872 (s), 840 (br). CV+677 mV (referenced to the
ferrocene/ferrocenium couple). UVivis (GEl;, Amax NM, loge):
286 (4.50), 360 (3.56), 420 (3.17). HRMS (FAf Calcd for
C1gH250Co [M + H*] 317.1309; found 317.1303. Anal. Calcd for
C1gH250C0 (316.33): C, 68.35; H, 7.97. Found: C, 68.85; H, 8.04.

X-ray Diffraction Analysis. The reflection data for the structure
analyses 0P, 10, 12, and 24 were taken with a Bruker APEX
diffractometer and forll, 13, and 27 with a Bruker Smart
diffractometer at 200 K in all cases except & (100 K). Mo Ka.
radiation was used to take sets of 0.3 degcans, covering a whole
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(3)°, V = 2402.4(6) B, p = 1.356 g/cmd, T = 200(2) K, Oma=
23.26', 15 826 reflections measured, 3426 unigggnt) = 0.0614),
2693 observed! (> 20(1)), u = 0.82 mnT1, Trin = 0.89, Tnax =
0.97, 445 parameters refined, goodness of fit 1.01 for observed
reflections, final residual values RAY= 0.035, wRF?) = 0.070

for observed reflections, residual electron densi.26 to 0.25 e
A-3.ccDC 615103.

Complex 11: orange crystal (polyhedron), dimensions 022
0.20 x 0.12 mn3, crystal system monoclinic, space grdep/c, Z
=4,a=13.9656(1) Ab = 11.7519(2) A.c = 15.0065(2) A3
=94.1660(10), V = 2456.39(6) & p = 1.332 g/cm, T = 200(2)

K, Omax—= 27.48, 25 191 reflections measured, 5641 unigBér(t)

= 0.0468), 4159 observed ¢ 20(1)), u = 0.85 mm?, Tpin =
0.84,Tmax = 0.91, 283 parameters refined, goodness of fit 1.01 for
observed reflections, final residual values Rjl£ 0.035, wRF?)

= 0.078 for observed reflections, residual electron densiy64

to 0.40 e A3. CCDC 615104.

Complex 12:orange crystal (irregular), dimensions 0.2%.06
x 0.05 mnd, crystal system orthorhombic, space gr&t#32,2;, Z
= 4,a=8.5043(9) Ab = 15.731(2) A,c = 15.953(2) A,V =
2134.3(4) R, p = 1.439 g/cri, T = 200(2) K,Oma= 24.7T, 16 872
reflections measured, 3617 uniqii(t) = 0.0483), 3300 observed
(I > 20(1)), # = 0.92 mnTL, Tyin = 0.80, Tmax = 0.96, 395
parameters refined, Flack absolute structure parameter 0.008(12),
goodness of fit 1.00 for observed reflections, final residual values
R1(F) = 0.028, wRF?) = 0.057 for observed reflections, residual
electron density-0.17 to 0.22 e A3 CCDC 615105.

Complex 13:red crystal (polyhedron), dimensions 0.820.12
x 0.10 mn3, crystal system monoclinic, space groegy/m, Z =
2, a = 8.2687(2) A,b = 16.1624(4) A,c = 10.3270(2) A,
=103.4230(10), V = 1342.42(5) &, p = 1.530 g/crd, T = 200-

(2) K, Omax= 27.48, 13 946 reflections measured, 3176 unique
(R(int) = 0.0290), 2706 observed ¢ 20(l)), u = 1.14 mn1?,
Tmin = 0.71, Tmax = 0.89, 211 parameters refined, goodness of fit
1.07 for observed reflections, final residual values/RE 0.028,
WR(F?) = 0.067 for observed reflections, residual electron density
—0.40 to 0.39 e A3. Two molecules of ChCl, per Co complex
were found in the solid state. CCDC 615106.

sphere in reciprocal space in all cases. Intensities were corrected Complex 24:red crystal (irregular), dimensions 0.290.23 x

for Lorentz and polarization effects, and empirical absorption
corrections were applied using SADABSbased on the Laue

0.12 mn3, crystal system triclinic, space groli, Z = 4, a =
8.042(1) Ab=13.583(2) Ac = 16.189(2) A,a. = 84.765(3}, 8

symmetry of the reciprocal space. Structures were solved by direct= 89.333(3), y = 82.326(2), V = 1745.3(4) &, p = 1.257 g/crd,

methods and refined againg® with a full-matrix least-squares
algorithm using the SHELXTL-PLUS (5.10) software packaye.
Hydrogen atoms were treated using appropriate riding modéaJs (
13, 24, 27) or refined isotropically g, 10, 12).

CCDC 615102615108 contain the supplementary crystal-

T = 100(2) K, Omax = 23.26, 12 183 reflections measured, 4981
unique R(int) = 0.0290), 2261 observed ¢ 20(l)), u = 0.98
mm1, Tin = 0.76, Tmax= 0.89, 389 parameters refined, goodness
of fit 0.91 for observed reflections, final residual values R1€
0.028, wRF?) = 0.065 for observed reflections, residual electron

lographic data for this paper. These data can be obtained free ofdensity—0.21t0 0.31 e A3 CCDC 615107

charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Complex 9: colorless crystal (irregular), dimensions 0:3D.18
x 0.12 mn#, crystal system monoclinic, space groBp/c, Z =
12,a = 16.403(1) A,b = 8.4564(7) A,c = 44.008(4) A, =
93.849(23, V = 6090.4(8) &R, p = 1.422 g/cm, T = 200(2) K,
Oma— 28.36, 60 862 reflections measured, 15 067 unigBént)
= 0.0420), 12 761 observedl £ 20(1)), u = 0.96 mnT?, Tpin =
0.75, Tmax = 0.89, 1124 parameters refined, goodness of fit 1.09
for observed reflections, final residual values Ri1€ 0.044, wR-
(F?) = 0.099 for observed reflections, residual electron density
—0.36 to 0.85 e A3. CCDC 615102.

Complex 10:orange crystal (irregular), dimensions 0.£%.08
x 0.04 mnd, crystal system monoclinic, space groBp/n, Z =
4,a=11.108(1) Ab=13.813(2) Ac = 15.658(2) A5 = 90.244-

(21) Sheldrick, G. M.SADABS Bruker Analytical X-ray-Division:
Madison, WI, 2001.

(22) Sheldrick, G. MSHELXTL:Plus (5.10); Bruker Analytical X-ray-
Division: Madison, WI, 1997.

Complex 27: orange crystal (polyhedron), dimensions 020
0.12 x 0.10 mn#, crystal system triclinic, space gro#i, Z = 2,
a=7.7263(4) Ab=9.6435(5) Ac = 12.9682(7) Ao = 75.4550-
(10y, B = 84.6800(10), ¥ = 67.9290(10), V = 866.74(8) &, p
= 1.358 g/cm, T = 200(2) K, Omax = 27.47, 9026 reflections
measured, 3926 uniqul({nt) = 0.0543), 3228 observed ¢ 20-

1), # = 0.99 mnT?, Trin = 0.83, Tmax = 0.91, 209 parameters
refined, goodness of fit 1.05 for observed reflections, final residual
values R1F) = 0.036, wRF?) = 0.082 for observed reflections,
residual electron density0.29 to 0.35 e A3, CCDC 615108.
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