Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on July 22, 1997 on http://pubs.acs.org | doi: 10.1021/0m9700730

Organometallics 1997, 16, 3401—3412

3401
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We report the synthesis of (cyclobutadiene)cyclopentadienylcobalt derivatives, C4R,—Co—
CsYs, where R is a rigid arm capable of linear coupling through its para position and the
tentacle Y carries a functionality with a large affinity for the surface of mercury. The
compounds are needed for a proposed synthesis of a square-grid polymer by 2-dimensional
cross-linking polymerization, which calls for cross-shaped star connector modules mounted
horizontally on a flat pedestal with a large affinity to a liquid interface. The substituents
are R = 4-pyridyl, 4-iodophenyl, 4-bromophenyl, 4-(ethoxycarbonyl)phenyl, 4-(1,12-dicarba-
closo-dodecaboran-1-yl)phenyl, 4-carboxyphenyl, 4—[(triethylsilyl)ethynyl]phenyl, Y = H; R
= phenyl, Y = (trifluoroacetoxy)mercurio, iodo; R = 4-bromophenyl, Y = (trifluoroacetoxy)-
mercurio; R = 4-(ethoxycarbonyl)phenyl, Y = [(2-hydroxyethyl)thio]mercurio. Single-crystal
X-ray diffraction structures are reported for R = 4-pyridyl, 4-(1,12-dicarba-closo-dodecaboran-
1-yl)—phenyl, 4-(ethoxycarbonyl)phenyl with Y = H, R = phenyl with Y = (trifluoroacetoxy)-

mercurio,

and bis[4-(1,12-dicarba-closo-dodecaboran-1-yl)phenyl]acetylene and phen-

yl[4—(1,12-dicarba-closo-dodecaboran-1-yl)phenyl]acetylene.

Introduction

We are interested in developing and using a molec-
ular-size construction kit analogous to the children’s
Tinkertoy! play set with covalently bound rods and
connectors. Our initial efforts concentrated on the
synthesis of molecular rods,2® and more recently, we
focused on the synthesis of connectors.*6 Indepen-
dently, Stoddart introduced a related concept based on
intermolecularly assembled supramolecular compo-
nents, at first called “molecular Lego”” and more re-

® Abstract published in Advance ACS Abstracts, June 15, 1997.

(1) Tinkertoy is a trademark of Playskool, Inc., Pawtucket, Rl 02862,
and designates a children’s toy construction set consisting of straight
wooden sticks and other simple elements insertable into spool-like
connectors.
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Netherlands, 1989; p 463.
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cently called “molecular Meccano”.® Synthesis of rigid-
rod molecules of well-defined length has also been
examined in many other laboratories.® Currently, there
is a fair amount of interest in the general subject of
modular chemistry, and instead of providing a survey
here, we refer to numerous references that will be
available in a book that is about to appear.*°

Our specific goal* is the construction of thin (<1 nm)
firmly connected regular (“crystalline”) 2-dimensional
grid-shaped polymers with a trigonal, square, or hex-
agonal lattice defining large openings of a controlled
size. In asubsequent stage, we hope to bind additional
regular grid layers firmly on top of the first. They are
to be added one at a time in order to allow each one to
be different, ultimately permitting the construction of
scaffolding-like thin layers of artificial covalent materi-
als whose structure is periodic in two large dimensions
and controlled in an aperiodic fashion in the third thin
dimension. Suitable active groups are to be attached
to the building elements in order to provide desired
optical, electrical, mechanical, or other functions.

The conceptual synthetic approach to this goal has
been described elsewhere.~6 Briefly, it calls for 2-di-
mensional cross-linking polymerization of monomeric
modules constrained to motion in the two dimensions
defined by an atomically flat liquid surface or interface,
for which our initial choice is liquid mercury. The
modules are to be composed of a horizontally oriented
connector mounted on a pedestal that is provided with
tentacles that adsorb very strongly to the interface, yet
are detachable later by a chemical reaction or convert-
ible into another layer of the grid. Our first choice of

(9) See, among others: Zimmerman, H. E.; King, R. K.; Meinhardt,
M. B. J. Org. Chem. 1992, 57, 5484. Eaton, P. E.; Tsanaktsidis, J. J.
Am. Chem. Soc. 1990, 112, 876. Yang, X.; Jiang, W.; Knobler, C. B.;
Hawthorne, M. F. J. Am. Chem. Soc. 1992, 114, 9719. Bunz, U.;
Polborn, K.; Wagner, H.-U.; Szeimies, G. Chem. Ber. 1988, 121, 1785.
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Figure 1. Schematic representation of a monomeric
module for a square grid.

monomeric modules are metal sandwich complexes,
whose bottom deck carries the tentacles and represents
a pedestal while the top deck serves as a connector. We
started with connectors of the “star” type,* and have
reported synthetic work toward modules based on the
complexes of benzene® and porphyrin derivatives.® The
former carry radially three and the latter four rigid
arms capable of linear coupling through their free
termini.

The (tetraphenylcyclobutadiene)cyclopentadienylcobalt
(1) structure (Figure 1) offers yet another promising
template for the envisaged monomeric modules. It is
thermally stable and chemically resistant to a range of
reagents.’® It possesses the asymmetry needed to
differentiate the arms-carrying and the tentacle-carry-
ing decks. The cyclobutadiene and cyclopentadienyl
(Cp) rings are parallel, and the cyclobutadiene ring is
square.’1713 |f suitable functionalization can be intro-
duced into the para position, the four cross-forming
pendant phenyl groups will be well suited as rigid arms
capable of linear coupling. The Cp ring is electron rich
and promises the reactivity needed for the attachment
of a sufficient number of detachable sticky tentacles.

Although some related organometallic complexes
suitable for use as star connectors have been synthe-
sized recently,’* and although a fair number of deriva-
tives of 1 are known, none can serve immediately as
the desired module. First, only a few complexes with
phenyl rings substituted in the para position are
known,1%16 and they do not have proper functionalities
to serve a linear couplers. Second, most of the previ-
ously characterized Cp-substituted derivatives carry
only one, two, or three substituents on the ring.1417.18

(10) Efraty, A. Chem. Rev. 1977, 77, 691.

(11) Rausch, M. D.; Westover, G. F.; Mintz, E.; Reisner, G. M;
Bernal, I.; Clearfield, A.; Troup, J. M. Inorg. Chem. 1979, 18, 2605.

(12) Calligaris, M.; Venkatasubramanian, K. J. Orgamomet. Chem.
1979, 175, 95.

(13) Villa, A. C.; Coghi, L.; Manfredotti, A. G.; Guastini, C. Acta
Crystallogr. 1974, B30, 2101.

(14) Bunz, U. H. F.; Enkelmann, V. Organometallics 1994, 13, 3823.
Wiegelmann, J. E. C.; Bunz, U. H. F.; Schiel, P. Organometallics 1994,
13, 4649. For additional related structures, see: Bunz, U. H. F.;
Wiegelmann-Kreiter, J. E. C. Chem. Ber. 1996, 129, 785. Altmann,
M.; Enkelmann, V.; Lieser, G.; Bunz, U. H. F. Adv. Mater. 1995, 7,
726.

(15) Uno, M.; Ando, K.; Komatsuzaki, N.; Tsuda, T.; Tanaka, T.;
Sawada, M.; Takahashi, S. J. Organomet. Chem. 1994, 473, 303.

(16) Debaerdemaeker, T.; Grafl, D.; Brune, H. A. Acta. Crystallogr.
1987, C43, 221.

(17) Rausch, M. D.; Genetti, R. A. 3. Am. Chem. Soc. 1967, 89, 5502.
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These were either attached to the five-membered ring
before the formation of the cobalt complex,* or were
introduced onto the ring by electrophilic aromatic
substitution.l” The only previously reported pentasub-
stituted derivatives are those containing the pentam-
ethylcyclopentadienyl ligand.’® None of the known
compounds have Cp substituents suitable for use as
tentacles.

We have, therefore, decided to examine synthetic
approaches to compounds of type C4R;—Co0—CsY5 that
would be suitable for our purposes. The standard
synthesis of 1 and its derivatives relies on the dimer-
ization of diphenylacetylene or one of its derivatives in
the presence of an organometallic cobalt compound.14.17.20
Three commonly used compounds are tris(triphenylphos-
phine)cobalt(l) chloride,’* 1,5-cyclooctadienecyclopen-
tadienylcobalt,!® and cyclopentadienylcobalt dicarbonyl
[CpCo(CO)2].1" We have chosen to use CpCo(CO);
because of its ease of synthesis and the usually high
yields it offers.”

The attachment of five suitable tentacles to the
cyclopentadienyl ring potentially represents a challeng-
ing synthetic problem. Fortunately, we found that
electrophilic aromatic mercuration of the Cp ring per-
mits the preparation of Cp-pentasubstituted cobalt
complexes in good yield.

Results and Discussion

Precursor Synthesis. 4,4'-Disubstituted Diphe-
nylacetylene Derivatives. 4,4'-Dipyridylacetylene
was prepared by a literature procedure.?! The known
4,4'-dibromodiphenylacetylene (2), 4,4'-diiododiphenyl-
acetylene (3), and 4,4'-bis(ethoxycarbonyl)diphenyl-
acetylene (4) were prepared in good yields by reac-
tion?2.23 of the appropriate 4-iodophenyl derivative with
acetylene gas in the presence of a copper/palladium
catalyst in diethylamine (Scheme 1). Bis[4-(1,12-di-
carba-closo-dodecaboran-1-yl)phenyl]acetylene (5) was
prepared in 25% yield by the palladium-catalyzed cross-
coupling of 3 with the copper(l) salt of 1,12-dicarba-
closo-dodecaborane, using a modification of known
procedures (Scheme 2).524 Phenyl[4-(1,12-dicarba-closo-
dodecaboran-1-yl)phenyl]acetylene (6) was isolated by
column chromatography in 6% yield as a byproduct,
presumably formed by the reduction of one of the
carbon—iodine bonds. Such reduction has been ob-
served in related reactions.>

(18) Rausch, M. D.; Genetti, R. A. J. Org. Chem. 1970, 35, 3888.

(19) King, R. B.; Efraty, A.; Douglas, W. M. J. Organomet. Chem.
1973, 56, 345.

(20) Nakamura, A.; Hagihara, N. Bull. Chem. Soc. Jpn. 1961, 34,
452,

(21) Tanner, M.; Ludi, A. Chimia 1980, 34, 23.

(22) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett.
1975, 4467.

(23) Novikov, A. N.; Grigorev, M. G. Zh. Organ. Khim. 1978, 14,
1790 (Engl. Transl., 1662).

(24) Coult, R.; Fox, M. A.; Gill, W. R.; Herbertson, P. L.; MacBride,
J. A. H.; Wade, K. J. Organomet. Chem. 1993, 462, 19.



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on July 22, 1997 on http://pubs.acs.org | doi: 10.1021/0m9700730

Pedestal-Mounted Tetragonal Star Connectors

Organometallics, Vol. 16, No. 15, 1997 3403

Scheme 2

p‘HCB lo}{loccu -

0=

NMP, PdCl,(PPh,),

p-HCB,) H,,C O =

p-HCB H;C O =

5,25%
+

Scheme 3

xylene

+ >
1, X =H, 60-80 %
8, X =Br, 46%
9, X=1,8%

Co 10, X = COOEt, 72%

oc” Yo 11, X = p-CBoH,(CH, 54%
xylene
+ B
Co\
oc” “co

Tetra-para-substituted (Tetraphenylcyclobuta-
diene)cyclopentadienylcobalt Complexes. (Tet-
raphenylcyclobutadiene)cyclopentadienylcobalt (1) was
needed for initial investigations of electrophilic substi-
tution on the Cp ring. It was prepared in improved
yields of 60—80% from diphenylacetylene and CpCo-
(CO),, using the method of Rausch!” (Scheme 3). [Tetra-
kis(4-pyridyl)cyclobutadiene]cyclopentadienylcobalt (7,
15%), [tetrakis(4-bromophenyl)cyclobutadiene]cyclopen-
tadienylcobalt (8, 46%), [tetrakis(4-iodophenyl)cyclo-
butadiene]cyclopentadienylcobalt (9, 8%), [tetrakis(4-
(ethoxycarbonyl)phenyl)cyclobutadiene]cyclopen-
tadienylcobalt (10, 72%), and [tetrakis(4-(1,12-dicarba-
closo-dodecaboran-1-yl)phenyl)cyclobutadiene]cyclo-
pentadienylcobalt (11, 54%) were all prepared by the
reaction of the appropriate diphenylacetylene derivative
and CpCo(CO); in xylene (Scheme 3). The quality of
the CpCo(CO); used in the synthesis strongly influences
the yields, and we recommend that it be distilled before
use.

Unlike the synthetic procedures for 1, 8, 10, and 11,
which are satisfactory, the synthesis of 7 yields prima-
rily [tetrakis(4-pyridyl)cyclopentadienone]cyclopenta-
dienylcobalt 12 (40—50%), and the synthesis of 9 yielded
complicated mixtures. An attempt to avoid the forma-
tion of a cyclopentadienone derivative by the use of
(Ph3zP)3CoCl instead of CpCo(CO); in the synthesis of 7
failed. Also, after extensive purification by column

15% 12, 40-50%

chromatography, the best yield of 9 was only 8% and
several other derivatives of 1 were isolated in crude
form from the reaction mixture. These byproducts were
tentatively identified by their 'H NMR spectra to be
analogues of 9 in which one or more of the carbon—
iodine bonds had been reduced, presumably by action
of cobalt(l) complexes in the reaction solution. It would
thus appear that the Rausch procedure is not suitable
for iodoaryl derivatives. Due to the small supply of the
potentially useful complex 9, it has not been examined
further.

Initial attempts to synthesize the tetracarborane 11
employed stoichiometric amounts of 5 and CpCo(CO);
and gave poor yields (~7%). Most of the starting
material 5 was recovered from the reaction mixture,
suggesting that it is significantly less reactive than the
other diphenylacetylenes used. A good yield of 11 was
obtained by use of a large excess of CpCo(CO); and a
reaction time of several days.

(Tetrakis(4-carboxyphenyl)cyclobutadiene)cyclo-
pentadienylcobalt (13) was easily obtained by basic
hydrolysis of 10 (Scheme 4).

The tetrakis(para-bromophenyl) derivative 8 should
provide access to many others through the use of
transition-metal-catalyzed cross-coupling reactions.? To
verify this, we have prepared [tetrakis(4-((triethylsilyl)-

(25) Kumada, M. Pure Appl. Chem. 1980, 52, 669.
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ethynyl)phenyl)cyclobutadiene]cyclopentadienylcobalt (14)
by the palladium-catalyzed cross-coupling?® of 8 and
triethylsilylacetylene (Scheme 5). Long reaction times
and high catalyst levels were required to obtain a high
yield. The complex 9 would be preferable as a substrate,
as aryl iodides are known to react several hundred times
faster than the analogous aryl bromides under similar
reaction conditions.?> However, the unfortunate dif-
ficulty in preparing large quantities of 9 justifies the
preparation of 14 from 8.

Penta-Cp-substituted Derivatives. Initial experi-
ments with electrophilic substitution were performed
with the readily available 1 as the substrate. Rausch
reported that its Cp ring undergoes facile mercuration
with mercury(ll) acetate.l” Mono- and bis(chloromer-
curio) derivatives of 1 were prepared via the respective
mercury(ll) acetates, which were not isolated. Poly-
mercuration was also observed, but the higher substi-
tuted materials were not isolated. Recently, Winter?’
reported that both Cp rings of ruthenocene could be
pentamercurated with mercury(ll) acetate. Similarly,
ferrocene is known to be decamercurated with mercury-
(1) trifluoroacetate under fairly mild conditions.28
Prompted by these reports, we set about the penta-
mercuration of 1 using a similar reaction.

Reaction of 5 equiv of mercury(ll) acetate with 1
under a variety of conditions consistently gave a mixture
of complexes with one to five mercury substituents on

(26) Sonogashira, K. In Comprehensive Organic Synthesis; Trost,
B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 3, Chapter
2.4, p 521 and references therein.

(27) Winter, C. H.; Han, Y.; Heeg, M. J. Organometallics 1992, 11,
3169.

(28) Boev, V. I.; Dombrovskii, A. V. Zh. Obshch. Khim. 1977, 47,
728 (Engl. Transl., 663).

PdACl,(PPhy),, Cul, Et;N

14, 58%

the Cp ring, and conditions could not be found to convert
1 fully into the pentamercurated product. We were
unable to separate the resulting mixture effectively by
chromatography or crystallization. However, the reac-
tion of 1 with the more electrophilic mercury(ll) tri-
fluoroacetate gave a fair yield (60%) of (tetraphenylcy-
clobutadiene)[pentakis((trifluoroacetoxy)mercurio)cy-
clopentadienyl]cobalt (15) (Scheme 6), soluble in THF
and DMSO. Under similar conditions, with 8 as start-
ing material, we obtained [tetrakis(4-bromophenyl)-
cyclobutadiene][pentakis((trifluoroacetoxy)mercurio)-
cyclopentadienyl]cobalt (16). Compound 15 was con-
verted into (tetraphenylcyclobutadiene)(pentaiodocyclo-
pentadienyl)cobalt (17) by reaction?® with potassium
triiodide (Scheme 6).

Encouraged by the recent results by Bunz,2® who
described the functionalization of metal-complexed pe-
riodinated ligands using palladium-catalyzed cross-
coupling with acetylene derivatives, we attempted
similar chemistry on 17 (Scheme 6). Despite using a
variety of acetylene derivatives (Me3SiCCH, Mes-
SiCCSnMejs, CICH,CH,CH,CCH), palladium catalysts
(PdCI;(CH3CN),, PdCly(dba), PdCI,(PPhs),), and sol-
vents (DMF, EtzN), we were unable to find suitable
conditions for cross-coupling. In some runs (Me3SiCCH,
PdCl,(dba), EtsN, several days reflux), we observed
some mono- and disubstitution of the Cp ring, but in
all cases, over 90% of unreacted 17 was recovered from
the reaction mixture. This failure does not mean that
the reaction cannot be accomplished, since only a small
fraction of the known reaction conditions®® have been
examined, and it may be desirable to return to the issue

(29) Bunz, U. H. F.; Enkelmann, V.; Rader, J. Organometallics 1993,
12, 4745.
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at a later time. However, we note that there is only a
limited number of reports on successful coupling of
halogenated sandwich complexes with acetylenes and
none, that we are aware of, were persubstituted with
bulky substituents on one of the rings. It is thus also
conceivable that 17 is simply too sterically hindered for
the introduction of five ethynyl substituents into the
five-membered ring in this fashion.

The tetraester 10 can be similarly pentamercurated
to give [tetrakis(4-(ethoxycarbonyl)phenyl)cyclobutadiene]-
[pentakis((trifluoroacetoxy)mercurio)cyclopentadienyl]-
cobalt (18) in 68% yield (Scheme 6). Like the pentam-
ercurio complexes 15 and 16, 18 is soluble in THF and
DMSO. In contrast, the tetrapyridyl derivative 7 cannot
be mercurated on the Cp ring in this fashion and the
mercuration takes place on the pyridine nitrogen in-
stead.

In a reaction similar to that used to prepare 17,
potassium triiodide smoothly converted 18 to [tetrakis-
(4-ethoxycarbonyl)phenyl)cyclobutadiene](pentaio-
docyclopentadienyl)cobalt (19, Scheme 6) but the prod-

(30) Tsuji, J. Palladium Reagents and Catalysts; Wiley: Chichester,
1995. Rossi, R.; Carpita, A.; Bellina, F. Org. Prep. Proced. Int. 1995,
27, 129. Kaufmann, D. E.; Nouroozian, M.; Henze, H. Synlett 1996,
1091.

HSCH,CH,0H

R—C=C—Y
Pd catal;
THF yst

uct proved difficult to purify. After repeated column
chromatography and recrystallization, 19 was only 95%
pure. The 'H NMR spectrum of the impure sample
suggests that the tenacious impurity is the related
tetraiodocyclopentadienyl complex. Discouraged by the
failure of the cross-coupling reactions of 17 with acetyl-
enes, we have given up plans to complete the synthesis
of 19 and have started to look for other ways of
attaching suitable tentacles.

One such alternative is to accept the mercury atom
as a part of the desired tentacle and to take advantage
of the ease of its reductive or oxidative removal at the
time when the tentacles are to be cut off after completed
polymerization. The reaction of mercuric carboxylates
with thiols is facile3! and, in principle, permits the
introduction of a nearly arbitrary chain as long as it
can attach through a terminal thiol group. We have
chosen to demonstrate the principle with 2-hydroxy-
ethanethiol, and it yielded [tetrakis(4-ethoxycarbonyl)-
phenyl)cyclobutadiene][pentakis((2-hydroxyethyl)-
thio)mercurio)cyclopentadienyl]cobalt (20) without dif-
ficulty. Our plans call for the synthesis of a series of

(31) Wardell, J. L. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press:
Oxford, 1982; Vol. 2, Chapter 17, p 863 and references therein.
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Figure 3. Single-crystal X-ray structure of 6.

Table 1. Structural Characteristics of Molecular

Rods
no. d (Ay a (deg)P B (deg)° 7 (deg)?
5¢ 18.79 42, 21f 4,5 58
18.91 0 55 6,6
6° 14.27 2 56 6
14.14 5 9,6 11

a End-to-end length (C to C). ® Twist angle between the phenyl
rings. ¢ Bend angles between the triple bond and the lines from
its center to outer carbons on phenyl rings. 9 Bend angles between
the triple bond and the lines from its center to terminal carbons
of carboranes. ¢ Values for two independent molecules in the
asymmetric unit. f Values for two different conformations in the
asymmetric unit.

C(5)
cn

Figure 4. Single-crystal X-ray structure of 7.

such tentacled connectors and investigation of their
adhesion to the surface of mercury.

Crystal and Molecular Structures of Connectors
and Rods. We have characterized the structures of the
rods 5 and 6 (Figures 2 and 3, Table 1) and of the cobalt
complexes 7, 10, 11, and 15 (Figures 4 —8, Table 2).
The two rods are nearly linear, and the slight deviations
from linearity are probably due to crystal packing. The
connectors possess the expected distance between the
two nearly parallel metallocene decks. The length of
the arms is as expected, and the phenyl substituents
are twisted a little over a third of the way toward
orthogonality. The arms are directed almost exactly in
the plane of the cyclobutadiene ring. The one connector
that has tentacles attached (15) has the carbon—
mercury bonds within 5° of the plane of the cyclopen-
tadienyl ring. The adjacent oxygen atoms deviate
farther from this plane, by as much as 23°. The
carbon—mercury bonds are 2.03—2.06 A and the mer-
cury—oxygen bonds are 2.07—2.11 A long. The mol-
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Figure 7. Single-crystal X-ray structure of 15.

ecules of 15 pack in pairs in which the tentacled rings
face each other, with the tentacles staggered (Figure 8).

Experimental Section

All reagents were purchased from Aldrich, with the excep-
tion of ethyl 4-iodobenzoate (TCI America) and p-carborane
(Katchem, Prague, Czech Republic), and were used as supplied.
All solvents were analytical grade and were freshly distilled
before use. (Tetraphenylcyclopentadienyl)(cyclobutadiene)-
cobalt (1) and cyclopentadienylcobalt dicarbonyl, CpCo(CO),,
were prepared by the method of Rausch.}” Melting points were
recorded using a Melt temp |1 apparatus (Laboratory Devices).
1H and 3C NMR spectra were obtained on a Varian VXR-300
S spectrometer at 299.949 and 75.428 MHz, respectively, using
Me,Si as an external reference. IR spectra were obtained on
a Nicolet 800 FT-IR spectrometer. Electron impact (El) and
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Figure 8. Axial view of the asymmetric unit of the single-
crystal X-ray structure of 15.

Table 2. Structural Characteristics of Square

Connectors
no. d(A)? o(deg) B (deg)° u(A¢  y(degy
7 3.36 4 35 5.33 4
10 3.42 2 33 7.40 3
11 3.33 3 +31, —31f 9.93 2
159 3.39 7 15, 39, 37, 43 5.30 0,57, 4
3.40 6 48, 35, 40, 19 5.31 56,33

a Distance between the two rings. P Angle of the two ring planes.
¢ Twist angle of the ring - phenyl bond (all four angles are the
same in 7, 10, and 11). ¢ Arm length from center to the outermost
heavy atom (in 10, to the midpoint of the ester oxygens). ¢ Angle
between the cyclobutadiene ring plane and the line drawn from
ring center to arm end. f Two orientations of the phenyl ring are
present in the asymmetric unit. 9 Values for two independent
molecules in the asymmetric unit.

fast atom bombardment (FAB) mass spectra were obtained on
a VG 7070 EQ-HF hybrid tandem Mass spectrometer. UV—
vis spectra were recorded on a Hewlett Packard 8452A diode
array spectrophotometer. Microanalysis were performed by
Desert Analytics, Tucson, AZ, and the Microanalytical Labora-
tory at the University of California, Berkeley, CA.

Crystals for X-ray analysis were selected and mounted onto
a glass fiber using Exxon Paratone N oil. Data collections
utilized a Siemens SMART CCD diffractometer equipped with
a locally modified LT-2A low-temperature apparatus. Unit cell
parameters were determined after harvesting reflections from
three sets of 20 0.3° w scans chosen so that each set was
roughly orthogonal to the other two. An arbitrary hemisphere
of data was measured for each experiment. Final cell dimen-
sions were calculated using reflections with | > 100(l) chosen
from the entire data set. Data were corrected for Lorentz and
polarization effects as well as for absorption.

Structure solution and refinement employed the SHELXTL
suite of programs.3? Scattering factors were from a standard
source.®® Hydrogens were placed at calculated positions with
thermal parameters set to 1.2 times the equivalent isotropic
thermal parameter of the parent atom. These parameters
were then set to ride on the parent values during subsequent
refinement. Calculations were performed on a Silicon Graph-
ics Indigo?XL workstation.

(32) Sheldrick, G. M. SHELXTL, A Program for Crystal Structure
Determination, Version 5 beta; Siemens Analytical X-ray Instru-
ments: Madison, W1, 1995.

(33) International Tables for Crystallography; Reidel Publishing
Co: Boston, MA, 1991; Vols. C, D.
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Detailed information on single-crystal X-ray analysis of 5,
6, 7,10, 11, and 15 is available in the Supporting Information
(for a summary, see Table 3). Some of the results deserve
comment: The asymmetric unit of 5 contains 1.5 carborane
molecules as well as 1.5 benzene molecules. Inversion com-
pletes the fractional molecules. Rotational disorder about the
long axis of the molecule was observed in the phenyl ring C(3)—
C(8). A second orientation was added to the model; refinement
indicates occupancies of 0.46(4) and 0.54(4) for groups {C(4),C-
(5),C(7),C(8)} and {C(4'),C(5'),C(7"),C(8")}, respectively. The
benzene molecules neatly cap the ends of the carboranes with
a contact distance of 2.45 A from H(1C) to the ring centroid
and 2.56 A from H(18C) by translation.

Two crystallographically independent molecules of 6 com-
prise the asymmetric unit. Two packing motifs are present.
The phenyl groups form parallel planes with an interplanar
separation of 2.62 A. Examples are B(1) to C(16) and B(11)
to C(32) which are related by the symmetry operator (*/, —X,
1 —vy, —1%, + z). While the planes of the phenyl rings form
close separations, the ring atoms are slipped so that z-stacking
does not appear to be present. The closest contact is H(16A)
to H(31A) at 2.56 A. The second motif observed is reminiscent
of the herringbone pattern of benzene. Here, C(5) is 3.03 A
from H(15A) of a neighbor generated by (/> —x, =y, Y, + 2).
Another close approach to C(5) is made by H(23A), 2.85 A, by
xy —1+2).

Complex 7 crystallizes in noncentrosymmetric space group
14. Cobalt lies on a crystallographic 4-fold axis that also passes
through the centroids of the cyclobutadiene and cyclobutadi-
enyl ligands. The disorder imposed on the cyclopentadienyl
group was modeled as a rigid pentagon with each atom at %/,
site occupancy. After applying all symmetry operations, this
results in 20 positions totaling 5 carbon atoms. No disorder
is present in the tetra(4-pyridyl)cyclobutadiene ligand. A
small amount of the opposite isomer appears to be present in
the crystal. This manifests itself as a persistent peak of
residual electron density, approximately 1 e /A3, on the 4-fold
axis. This peak and the cobalt position are approximately
equidistant from the cyclopentadienyl centroid, 1.67 A for Co
and 1.37 A for the residual peak. The residual peak was
modeled as cobalt, and the site occupancies of both cobalt
positions were refined to total /4, as required by the 4-fold
axis. Occupancies refined to 0.24244(3) and 0.0075(3). At-
tempts to model other atoms at this site were unsatisfactory.
Although it would be reasonable to discard such a minor peak,
a similar, though larger, residual was also present for com-
pound 10. Because this minor component is present in such
a small quantity, it was not possible to observe any of the
lighter atom positions. Columns of molecules form in the
direction of the c axis. Taking one column as the center, four
neighboring columns are slipped ¥/, the magnitude of c. This
result places the cyclobutadiene and cyclopentadienyl planes
of neighboring molecules nearly coplanar and creates a tiling
pattern with a cyclopentadiene surrounded by four identical
cyclobutadiene groups; the distance from the cyclobutadiene
plane to the cyclopentadienyl centroid is 0.08 A. The linking
nitrogens of the pyridyl groups form a 6.61 A square encom-
passing the cyclopentadienyl ligand. This void easily accom-
modates the rotational disorder observed in the cyclopenta-
dienyl ligand.

Complex 10 crystallizes in noncentrosymmetric space group
14. Structural features are similar to those of 7, including
disorder in the cyclopentadienyl group and residual electron
density along the 4-fold axis. In this structure, the residual
electron density is approximately 6 e/A2 and distances from
the cyclopentadienyl centroid are 1.63 and 1.40 A for Co and
the residual peak, respectively. Occupancies refined to 0.1982(6)
and 0.0517(6). The similarity in packing is striking, given the
differences between the two structures. Here, the space
occupied by the cyclopentadienyl group is defined by the
carbonyl oxygen. Linking these atoms on neighboring mol-
ecules forms a 6.15 A square. The displacement of the
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cyclopentadienyl centroid from the plane formed by neighbor-
ing cyclobutadiene is 0.12 A.

While 11 crystallizes in the centrosymmetric space group
P4/nnc, the asymmetric unit is similar to those for 7 and 10.
Just as for those, rotational disorder is present for the
cyclopentadienyl group. In this structure, the space occupied
by cyclopentadiene may be described by a 7.29 A square with
carborane hydrogen H(8) at its corners. Additional disorder
was observed about the carborane arms of the cyclobutadiene
ligand in phenyl ring C(3)—C(8). This may be described as
opposite in sense to the propeller formed by the phenyl rings.
A second orientation was added to the model; refinement
indicates occupancies of 0.513(4) and 0.487(4) for groups {C-
(4),C(5),C(7),C(8)} and {C(4"),C(5"),C(7"),C(8")}, respectively.

Complex 15 crystallizes in the triclinic space group with two
independent molecules in the asymmetric unit. In addition,
there are six molecules of ethanol occupying spaces between
arms of the ligands. The two cobalt complex molecules are
oriented with the cyclopentadiene groups facing each other.
These ligands are nearly parallel, 12.1°. Each is rotated with
respect to the other so that the arms nest nicely together. The
distance between the cyclopentadienyl centroids is 3.84 A,
while some of the pendant atoms are within an angstrom of
the best-fit plane. No notable extended structure is present.
Several trifluoroacetate groups exhibit rotational disorder, and
all display large thermal motion.

4,4'-Dibromodiphenylacetylene (2).3* 1-Bromo-4-iodo-
benzene (12.5 g, 44 mmol), Cul (57 mg, 0.22 mmol), PdCl»-
(PPh3)2 (210 mg, 0.30 mmol), and diethylamine (200 mL) were
charged to a 500 mL three-necked flask fitted with a nitrogen
inlet, a gas inlet directly into the reaction mixture, and a gas
outlet. The reaction vessel was purged with nitrogen, then a
steady stream of acetylene was bubbled through the solution
for 7 h, and then the mixture was stirred overnight. The
solvent was removed under reduced pressure to give a brown
powder. This was dissolved in a mixture of dichloromethane
(300 mL) and dilute hydrochloric acid (2 M, 200 mL) and
transfered to a separatory funnel. After extraction, the organic
layer was separated and the aqueous layer was extracted with
dichloromethane (2 x 50 mL). The combined organic fractions
were washed with water (2 x 100 mL) and dried over sodium
sulfate, and the solvent was removed to give a brown powder.
The crude product was chromatographed (silica gel, dichlo-
romethane/hexane, 30:70) then recrystallized from chloroform
to give 2 as white crystals (4.54 g, 61%). Mp: 181-182 °C
(lit.%2 182—184 °C). 'H NMR (CDClg): 6 7.10 (d, J =8 Hz, 2
H, Ph), 7.54 (d, J = 8 Hz, 2 H, Ph). MS (EI*): m/z 336 (M,
correct bromine isotope pattern).

4,4'-Diiododiphenylacetylene (3).22 1,4-Diiodobenzene
(15.0 g, 45 mmol), Cul (100 mg, 0.30 mmol), PdCI,(PPhs), (210
mg, 0.30 mmol), and diethylamine (100 mL) were charged to
a 250 mL three-necked flask. A glass tube was inserted into
the flask through a rubber septum and reached well below the
surface of the solvent. A balloon filled with acetylene gas was
attached to the end of the glass tube. A small purge valve
was fitted to the second neck of the flask, and the third neck
was stoppered. A slow stream of acetylene from the balloon
was passed through the stirred reaction mixture over ap-
proximately 5 h, resulting in the formation of a yellow
precipitate. Typically, around 2 L of acetylene was used. The
solvent was removed, and the crude product was recrystallized
twice from toluene to give pure 3. On a typical run, the yield
of 3 was 4.08 g (42%). Yields were as high as 50%, but it was
found that insoluble polymeric materials were usually formed
when excess acetylene was used in an attempt to increase the
yield. Mp: 238-239 °C (lit.?? 237—-238 °C). 'H NMR
(CDClg): 67.24(d,J=9Hz,2H,Ph),7.69(d,J=9Hz 2H,
Ph). MS (EI*): m/z 430 (M).

4.,4'-Bis(ethoxycarbonyl)diphenylacetylene (4). The
procedure is similar to that reported for related structures.?

(34) Barber, H. J.; Slack, R. J. Chem. Soc. 1944, 612.
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Ethyl 4-iodobenzoate (11.1 g, 40 mmol), PdCl(PPhs); (315 mg,
0.45 mmol), copper(l) iodide (171 mg, 0.9 mmol), and diethyl-
amine (400 mL) were charged to a 500 mL three-necked flask
fitted with a introgen inlet, a gas inlet directly into the reaction
mixture, and a gas outlet. The reaction vessel was purged with
nitrogen, then a steady stream of acetylene was bubbled
through the solution for 7 h, and then the mixture was stirred
overnight. The solvent was removed, the residual powder was
dissolved in a mixture of dichloromethane (300 mL) and dilute
hydrochloric acid (2 M, 200 mL) and transfered to a separatory
funnel. After extraction, the organic layer was separated, and
the aqueous layer was extracted with dichloromethane (2 x
50 mL). The combined organic fractions were washed with
water (2 x 100 mL) and dried over sodium sulfate, the solvent
was removed, and the crude product was chromatographed
(silica gel, dichloromethane/hexane, 1:1) and then recrystal-
lized from dichloromethane/hexane to give 4 as white crystals
(4.57 g, 70%). Mp: 147—148 °C. H NMR (CDCls): 6 1.40 (t,
J=7Hz, 3H, CHs), 4.39 (g, J = 7 Hz, 2 H, CH,), 7.60 (d, J
= 8 Hz, 2 H, Ph), 8.04 (d, J = 8 Hz, 2 H, Ph). 3C{!H} NMR
(CDClg): ¢ 14.22 (CH3), 61.13 (CHy), 91.30 (ethynyl), 127.22,
129.52, 130.26, 131.57 (Ph), 165.95 (C=0). MS (EI*): m/z
(relative intensity) 322 (M, 100), 277 (M — C;Hs0, 89), 249
(M — C4H100, 28), 176 (M — CgH1004, 32). IR (KBr, cm™2):
3076 (w, C—H aromatic), 2906 (w, C—H aliphatic), 1710 (s,
C=0), 1274 (s, C—0). Anal. Calcd for C;H;504: C, 74.52; H,
5.63. Found: C, 74.82; H, 5.58.
Bis[4-(1,12-dicarba-closo-dodecaboran-1-yl)phenyl]acet-
ylene (5) and Phenyl[4-(1,12-dicarba-closo-dodecaboran-
1-yl)phenyl]acetylene (6). Related literature procedures®
were followed closely. 1,12-Dicarba-closo-dodecaborane (837
mg, 5.8 mmol) was dissolved in THF (50 mL) in a 100 mL two-
necked flask, and the solution was cooled to —30 °C. n-
Butyllithium (1.6 M in hexane, 3.6 mL) was added to the
solution via syringe over 5 min. The mixture was allowed to
rise to room temperature over 1 h and was stirred for a further
4 h. The solution was again cooled to —30 °C, and Cul (580
mg, 5.8 mmol) was added to the solution. After slowly
warming to room temperature, the mixture was heated to 50
°C for 14 h to give a dark brown solution. On cooling, the
solvent was removed under reduced pressure. N-Methyl-2-
pyrolidinone (30 mL), Pd,Cl,(PPhs), (75 mg, 0.11 mmol), and
3 (2.0 g, 2.3 mmol) were added to the reaction vessel, and the
solution was heated to 100 °C for 18 h. On cooling, the mixture
was transfered to a separatory funnel and hexane (150 mL)
and dilute HCI (150 mL) were added to the mixture. After
extraction, the organic layer was collected, and the aqueous
layer was again extracted with hexane (100 mL). The com-
bined organic fractions were extracted with dilute HCI (3 x
75 mL) and dried over sodium sulfate. After removal of the
solvent, the residue was chromatographed (silica gel, hexane).
1,12-Dicarba-closo-dodecaborane (118 mg) was isolated as the
first fraction from the column. Pure 5 (260 mg, 25%) was next
to elute from the column, followed by pure 6 (44 mg, 6%). Both
were recrystallized from EtOH. Analysis for 5: mp 231-232
°C. 'H NMR (CDCI3): 6 1.30—3.42 (br, 11 H, Hcarborane), 7.16
(d, 3 =8 Hz, 2 H, Ph), 7.28 (d, J = 8 Hz, 2 H, Ph). 3C{H}
NMR (CDClg): 0 59.98 (Ccarborane—H), 85.75 (Ccarborane—C), 89.60
(ethynyl), 123.20, 127.08, 131.21, 136.84 (Ph). B{'H} NMR
(CDClg): 6 —13.39 (s, 10 B), —15.92 (s, 10 B). MS (EI*): m/z
463 (M, boron cluster center, isotope pattern fits the calculated
cluster for the ion [CigH30B20]™). IR (KBr, cm™): 3070 (w,
C—H aromatic), 2612 (s, B—H), 1631 (m, Ph), 1519 (m, Ph),
1088 (m, Ph). UV-vis (CH.Cl;): 1 (¢) 316 (43500), 256
(48 000) nm (L mol~* cm™). Anal. Calcd for CigH30B20: C,
46.73; H, 6.54. Found: C, 46.68; H, 6.59. Analysis for 6: mp
132—-133 °C. 'H NMR (CDClg): ¢ 1.24-3.44 (br, 11 H,
Hearborane), 7.19 (d, 3 = 8 Hz, 2 H, Ph), 7.31—7.36 (m, 5 H, Ph),
7.47-7.54 (m, 2 H, Ph). 1BBC{'H} NMR (CDCl): ¢ 59.94
(Cearborane—H), 85.83 (Ccarborane—C), 88.34, 90.68 (ethynyl), 122.93,
123.54, 127.05, 128.24, 128.45, 131.17, 131.63, 136.60 (Ph).
1B{1H} NMR (CDCls): 6 —13.39 (s, 5 B), —15.92 (s, 5 B). IR
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(CCly, cm™2): 3066 (w, C—H aromatic), 2614 (s, B—H), 1551
(w, Ph), 1513 (w, Ph), 1088 (m, Ph). MS (EI*) m/z 321 (M,
boron cluster center, isotope pattern fits the calculated cluster
for the ion [C16H20810]+)- HRMS Calcd for CleHgollBlo:
322.2496. Found: 322.2520.
(Tetraphenylcyclobutadiene)cyclopentadienyl-
cobalt (1).1” Diphenylacetylene (2.94 g, 16.5 mmol), freshly
distilled CpCo(COy) (1.49 g, 8.3 mmol), and xylene (80 mL)
were charged to a 250 mL round-bottom flask and heated
under reflux for 22 h under an argon atmosphere in the dark.
After the reaction mixture was cooled, the solution was poured
directly onto a dry silica column and the orange band at the
solvent front was eluted with benzene. The solvent was
evaporated, and the solid residue was washed with pentane
(100 mL) and then rechromatographed on silica gel with
benzene to give yellow crystals of 1 (3 g, 75%). The product
was then recrystallized from benzene and heptane. Mp: 262
°C (lit.'” 262—264 °C). H NMR (C¢Dg): 0 4.47 (s, 5 H, Cp),
7.04 (m, 12 H, Ph), 7.59 (m, 8 H, Ph). 3C{H} NMR (CDCls):
0 75.0 (Ch), 83.2 (Cp), 126.2 (Ph), 127.9 (Ph), 128.9 (Ph), 136.5
(Ph). IR (KBr, cm™): 3050 (w, C—H aromatic), 1596 (s, C=C
aromatic), 1498 (s, Ph). MS (EI") m/z (relative intensity) 480
(100), 302 (50), 105 (39), 71 (54), 57 (85).
[Tetrakis(4-pyridyl)cyclobutadiene]cyclopenta-
dienylcobalt (7). 4,4'-Dipyridylacetylene (4.86 g, 27 mmol),
CpCo(CO), (2.44 g, 13.6 mmol), and xylene (240 mL) were
charged to a 500 mL round bottom flask and heated under
reflux for 24 h under an argon atmosphere in the dark. After
the reaction mixture was cooled, the solvent was evaporated
and the solid residue was washed with a few milliliters of a
mixture of acetone and pentane (1:1). The solid was chro-
matographed on silica gel (eluent, CHCIs/EtOH, 4:1). Crude
7 was eluted first, followed by 12. The former was then
rechromatographed on silica gel (CHCIs/EtOH, 85:15) to give
pure 7 (0.95 g, 15%). The product was recrystallized from
chloroform and pentane. X-ray quality crystals were obtained
from chloroform and acetonitrile. Mp: 330 °C (dec). *H NMR
(CDClg): 64.71 (s,5H, Cp), 7.25 (d, 8 H, J = 6 Hz, Pyr), 8.51
(d, 8 H, J = 6 Hz, Pyr). 3C{*H} NMR (CDCl3): ¢ 73.1 (Cb),
84.0 (Cp), 122.8, 143.7, 149.9. MS (EI") m/z (relative intensity)
484 (M, 100), 304 (40), 180 (7), 124 (62), 91 (64). IR (KBr,
cm™1): 3072—-3019 (w, C—H aromatic), 1607—1590 (s, C=C
aromatic). UV—vis (CH,Cl,): 1 (¢) 400 sh (3 000), 298 (34 500)
nm (L mol~ cm™t). HRMS Calcd for CyH21N4Co: 484.1098.
Found: 484.1076. Anal. Calcd for C9H21N4Co: C, 71.90; H,
4.37; N, 11.57. Found: C, 71.65; H, 4.31; N, 11.54.
[Tetrakis(4-pyridyl)cyclopentadienone]cyclopen-
tadienylcobalt (12). After chromatography on silica gel, the
solvent was evaporated and the solid residue was washed with
a few milliliters of acetone and recrystallized from chloroform
and pentane to give dark red crystals of 12 (3.47 g, 50%).
Mp: 270—280 °C (dec). *H NMR (CDClz): 6 5.01 (5,5 H, Cp),
7.03(d, 4 H, J = 5.4 Hz, Pyr), 7.46 (d, 4 H, J = 5.4 Hz, Pyr),
8.52 (m, 8 H, Pyr). 3C{1H} NMR (CDCls): ¢ 74.2, 85.9, 91.5,
124.5,126.4,139.9, 141.2, 149.4, 157.2. MS(EI*) m/z (relative
intensity) 512 (M), 120 (13), 83 (100). IR (KBr, cm™2): 3095—
3023 (w, C—H aromatic), 1613 (s, C=C aromatic), 1593 (s,
C=0). Anal. Calcd for C3H21N4OCo-%,CHCI3: C, 64.03; H,
3.79; N, 9.79. Found: C, 64.28; H, 3.73; N, 9.75.
[Tetrakis(4-bromophenyl)cyclobutadiene]cyclo-
pentadienylcobalt (8). The procedure described for 1 was
followed, using CpCo(CO); (1.0 g, 5.5 mmol), 2 (2.73 g, 8.125
mmol), and xylene (80 mL) in a 200 mL flask and refluxing
for 24 h. In the chromatographic separation, the orange band
at the solvent front was eluted with hexane and the product
rechromatographed on silica gel. Unreacted 2 (380 mg) was
first to be eluted with hexane, and 8 was eluted with hexane/
dichloromethane (3:1). Recrystallization of the crude product
from benzene/hexane gave pure 8 as brown crystals (1.08 g,
46% based on 2 consumed). Mp: 307—308 °C. 'H NMR (CD,-
Cly): 0 4.62 (s,5H, Cp), 7.26 (d, J = 9 Hz, 8 H, Ph), 7.30 (d,
J=9Hz, 8 H,Ph). 3C{*H} NMR (CDCls): 6 73.64 (Cb), 83.38
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(Cp), 120.31, 130.11, 131.43, 134.73 (Ph). IR (KBr,cm™%): 3044
(w, C—H aromatic), 1632 (m, Ph), 1493 (s, Ph), 1069 (m, Ph).
MS (EI") m/z 796 (M). Anal. Calcd for C33sH2:BrsCo: C, 49.79;
H, 2.66. Found: C, 50.09; H, 2.49.
[Tetrakis(4-iodophenyl)cyclobutadiene]cyclopen-
tadienylcobalt (9). The procedure described for 1 was
followed, using CpCo(CO), (223 mg, 1.24 mmol), 3 (1.07 g, 2.48
mmol), and xylene (50 mL) in a 100 mL flask and refluxing
for 24 h. In the chromatographic separation, the product was
eluted with chloroform and rechromatographed on silica gel
with hexane. Unreacted 3 was eluted first. The second band
contained 9 mixed with 3 and was rechromatographed (silica
gel, hexane) to give pure 9 (102 mg, 8%). Recrystallization
from benzene/hexane gave orange-brown crystals. Mp: 300—
301 °C (dec with evolution of iodine); single crystals were
obtained from a mixture of chloroform and acetonitrile. H
NMR (CDCls): ¢ 4.58 (s, 5 H, Cp), 7.12 (d, 3 = 9 Hz, 8 H, Ph),
7.54 (d, J = 5 Hz, 8 H, Ph). 3C{*H} NMR (CDCl3): ¢ 73.71
(Cb), 83.40 (Cp), 91.68, 130.30, 135.34, 137.30 (Ph). IR (KBr,
cm™): 3055 (w, C—H aromatic), 1633 (m, Ph), 1489 (s, Ph),
1057 (m, Ph), 1004 (s, C—1). MS (FAB™, 3-NOBA): m/z 984
(M). Anal. Calcd for Cs3H2:Cols: C, 40.28; H, 2.15. Found:
C, 40.02; H, 2.00.
[Tetrakis(4-(ethoxycarbonyl)phenyl)cyclobutadiene]-
cyclopentadienylcobalt (10). The procedure described for
1 was followed, using 4 (0.42 g, 1.3 mmol), CpCo(CO), (117
mg, 0.65 mmol), and xylene (50 mL) in a 100 mL flask and
refluxing for 20 h. A precipitate formed on cooling to 0 °C
was collected on a frit and washed with hexane. The solid
residue was chromatographed (silica gel CHCIs) to give pure
10 (0.36 g, 72%). Crystallization from toluene gave 10 as a
orange-red crystals. Mp: 282—284 °C; single crystals were
obtained from a mixture of chloroform and acetonitrile. *H
NMR (CDCl3): 6 1.40 (t, J =8 Hz, 12 H, CH3),4.39(q,J =38
Hz, 8 H, CHy), 4.64 (s, 5 H, Cp), 7.46 (d, J = 8 Hz, 8 H, Ph),
7.91 (d, J = 8 Hz, 8 H, Ph). 3C{1H} NMR (CDCls): 0 14.35
(CHs), 61.00 (CH,), 74.76 (Cb), 83.68 (Cp), 128.49, 128.62,
129.42, 140.94 (Ph), 166.36 (C=0). MS (FAB™, 3-NOBA): m/z
768 (M), 769 (M + H). IR (KBr, cm™%): 3057 (w, C—H
aromatic), 2911 (w, C—H aliphatic), 1713 (s, C=0), 1269 (s,
C—0). UV-vis (CH.Cly): 1 (¢) 418 sh (5000), 318 (46 000),
276 (40 000) nm (L mol~* cm™1). Anal. Calcd for C45H4:C0Os:
C, 70.31; H, 5.38. Found: C, 70.34 ; H, 5.48.
[Tetrakis(4-(1,12-dicarba-closo-dodecaboran-1-yl)phe-
nyl)cyclobutadiene]cyclopentadienylcobalt (11). The
procedure described for 1 was followed, using 5 (250 mg, 0.54
mmol), CpCo(CO), (100 mg, 0.55 mmol), and xylene (50 mL)
in a 100 mL round bottom flask and refluxing for 24 h. After
the reaction mixture was cooled, CpCo(CO), (100 mg, 0.55
mmol) was added and the mixture was again heated under
reflux for 24 h. More CpCo(CO), (100 mg, 0.55 mmol) was
added to the cooled solution, and the reaction was heated
under reflux for 72 h. In the chromatographic separation, the
orange-brown band at the solvent front was eluted with hexane
and rechromatoraphed (silica gel, hexane). A trace of unre-
acted 5 was first to elute from the column, followed by an
unidentified blue band. 11 was eluted as a yellow band, which
on removal of the solvent gave pure 11 (152 mg, 54%) as a
yellow powder. Dark red crystals were obtained by slow
evaporation from a mixture of dichloromethane and ethanol.
Mp: >300 °C. 'H NMR (CDCly): 1.30—-3.42 (br, 44 H,
Hecarborane), 4.85 (s, 5 H, Cp), 6.98 (d, J =7 Hz, 8 H, Ph), 7.07
(d, 3 = 7 Hz, 8 H, Ph). 13C{*H} NMR (CDCl3): ¢ 59.73
(Ccarborane_H)y 73.76 (Cb). 83.20 (Cp). 86.50 (Ccarborane_c),
126.65, 128.06, 134.67, 136.28 (Ph). B{'H} NMR (CDCls):
6 —13.32 (s, 20 B), —15.98 (s, 20 B). IR (KBr, cm™1): 3060 (w,
C—H aromatic), 2610 (s, B—H), 1631 (m, Ph), 1517 (m, Ph),
1084 (m, Ph). MS (FAB*, NOBA): m/z 1049 (M). Anal. Calcd
for Ca1HesBaoCo: C, 46.93; H, 6.24. Found: C, 46.45; H, 6.51.
[Tetrakis(4-carboxyphenyl)cyclobutadiene]cyclo-
pentadienylcobalt (13). 10 (200 mg, 0.26 mmol), sodium
hydroxide (1.0 g, 25 mmol), THF (20 mL), and water (30 mL)
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were charged to a 100 mL round bottom flask and heated
under reflux for 20 h. After the reaction mixture was cooled,
concentrated HCI was added to the strirred mixture until the
solution became acidic. Water (50 mL) was added to the
solution, and the THF was removed by evaporation to give an
orange precipitate, which was collected on a frit. The crude
material was recrystallized from EtOH at —70 °C to give 13
(120 mg, 71%) as an orange powder. An analytical sample
was prepared by recrystallization from EtOH/H,O. Mp: >300
°C. 'H NMR (DMSO-dg): 6 4.75 (s, 5H, Cp), 7.45 (d, J = 8
Hz, 2 H, Ph), 7.83 (d, J = 8 Hz, 2 H, Ph). 3C{!H} NMR
(DMSO-dg): 6 74.38 (Chb), 83.74 (Cp), 128.55, 128.87, 129.43,
140.43 (Ph), 167.22 (COOH). MS (FABT", glycerol and
DMSO): m/z 657 (M + H). MS (FAB-, glycerol and DMSO):
m/z 655 (M — H). IR (KBr, cm™): 3231 (m br, OH), 1705 (s,
C=0), 1274 (m, C—0). Anal. Calcd for Cs7H2505Co0-%/,H,0:
C, 66.77; H, 3.94. Found: C, 66.62; H 4.14.
[Tetrakis(4-((triethylsilyl)ethynyl)phenyl)cyclobu-
tadiene]cyclopentadienylcobalt (14). 8 (200 mg, 0.25
mmol), (triethylsilyl)acetylene (700 mg, 5.0 mmol), PdCl»-
(PPh3); (50 mg, 0.07 mmol), Cul (25 mg, 0.13 mmol), and
triethylamine (50 mL) were charged to a round bottom flask,
cooled to —50 °C, and degassed under high vacuum for 1 h.
The reaction mixture was heated to a gentle reflux for 48 h
under argon, and then cooled to room temperature. (Trieth-
ylsilyl)acetylene (400 mg, 2.8 mmol), PdCI(PPhs), (50 mg, 0.07
mmol), and Cul (25 mg, 0.13 mmol) were added, and the
mixture was refluxed for 48 h. After the reaction mixture was
cooled to room temperature, (triethylsilyl)acetylene (400 mg,
2.8 mmol), PdCIx(PPhg), (50 mg, 0.07 mmol), and Cul (25 mg,
0.13 mmol) were added and the reflux was continued for a
further 96 h. On cooling, hexane (30 mL) was added to the
solution and the mixture was filtered into a separatory funnel.
The solid black residue was washed with hexane (70 mL), and
the yellow washings were added to the separatory funnel. The
mixture was extracted with dilute HCI (2 x 100 mL) and water
(100 mL) and dried over sodium sulfate, and the solvent was
removed to give a dark orange-brown oil. This oil was
chromatographed (alumina, hexane, then hexane/dichlo-
romethane, 9:1). Elution of the orange band gave pure 14 (149
mg, 58%) as an orange powder, which was recrystallized from
ethanol to give long orange needles. Mp: 210—212 °C (dec).
1H NMR (CDCls): 6 0.69 (q, J = 8 Hz, 8 H, SiCH,), 1.07 (t, J
= 8 Hz, 12 H, CH3), 4.55 (s, 5 H, Cp), 7.32 (5,16 H, Ph). 13C-
{*H} NMR (CDCl3): 6 4.35 (SiCHy,), 7.47 (CHs), 74.47 (Ch),
83.38 (Cp), 92.35, 106.50 (ethynyl), 121.09, 128.44, 131.81,
136.52 (Ph). IR (KBr, cm™): 3035 (vw, C—H aromatic), 2954
(s, C—H aliphatic), 2153 (ethynyl), 1631 (Ph), 1509 (Ph). MS
(FAB*, 3-NOBA): m/z 1033 (M). UV—vis (CH.Cl,): 1 (¢) 412
sh (5000), 300 (83 000) nm (L mol~* cm™1). Anal. Calcd for
CesHg1Co0Sis: C, 75.53; H, 7.90. Found: C, 75.37; H, 8.12.

(Tetraphenylcyclobutadiene)[pentakis((trifluor-
oacetoxy)mercurio)cyclopentadienyl]cobalt (15). The
cobalt complex 1 (1.95 g, 4.07 mmol) was dissolved in 1,2-
dichloroethane (300 mL). Mercury(ll) trifluoroacetate (9.02
g, 21.17 mmol) was added in portions over 15 min. The
solution turned dark red and was stirred for 18 h at room
temperature, after which time, a large amount of orange
precipitate had formed. The reaction mixture was transferred
to a separatory funnel, and THF (50 mL) was added to give a
clear organic fraction on shaking. If the THF is not added,
an emulsion forms and extraction becomes difficult. The
organic solution was extracted with water (2 x 300 mL), and
the solvent was removed to give an orange powder. Recrys-
tallization of the crude product from EtOH/THF gave 15 (4.88
g, 60%) as deep red crystals. An analytically pure material
was prepared by a second recrystallization from EtOH/THF.
Mp: 226—228 (dec) °C. *H NMR (DMSO-dg): 6 7.17—7.24 (m,
3 H, Ph), 7.69—7.73 (m, 2 H, Ph). ¥C{'H} NMR (DMSO-ds):
0 75.24 (Cb), 110.73 (Cp), 118.49 (q, *Jcr = 290 Hz, CFy),
126.65, 128.40, 128.63, 136.09 (Ph), 158.65 (q, 2Jcr = 37 Hz,
C=0). IR (KBr, cm™1): 3058 (w, C—H aromatic), 1680 (s,
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C=0), 1209 (s, CF3), 1131 (s, CF3). UV—vis (THF): 1 (¢) 440
sh (2000), 346 (17 000), 316 (18 500), 276 sh (33 500), 244
(44 500) nm (L mol™* cm™%). Anal. Calcd for Cy3H20CoFis-
HgsO010: C, 25.27; H, 0.97. Found: C, 25.07; H, 0.91.
[Tetrakis(4-bromophenyl)cyclobutadiene][pentakis-
((trifluoroacetoxy)mercurio)cyclopentadienyl]cobalt (16).
The cobalt complex 8 (0.15 g, 0.19 mmol) was dissolved in
freshly distilled 1,2-dichloroethane (20 mL). Then mercury-
(1) trifluoroacetate (0.43 g, 10 mmol) was added in portions
over 5 min. The solution was stirred and heated at 70 °C
under argon for 22 h. After the reaction mixture was cooled
to room temperature, the solvent was evaporated. The crude
product was dissolved in a minimum of diethyl ether, and
pentane was added. Concentration of the solution afforded a
yellow-brown precipitate (0.32 g, 73%), which was collected
on a frit, washed with pentane, and dried under vaccum.
Mp: 195—200 °C (dec, change of color). *H NMR (CDCls): 6
7.36 (d, J = 8.7 Hz, 8 H, Ph), 7.59 (d, J = 8.7 Hz, Ph). 3C
{*H} NMR (CDCls): 4 73.73 (Ch), 111.20 (Cp), 118.38 (q, Jcr
=290 Hz, CF3), 119.78, 130.37, 130.40, 131.40, 134.74, 158.67
(g, 2Jcr = 38 Hz, C=0). IR (KBr,cm™): 1682 (s, C=0), 1207
(s, CF3), 1132 (s, CF3). MS (FABY, 3-NOBA): m/z maximum
calcd at 2359, found at 2358. Anal. Calcd for CssHiBra-
CoHgsF15010; C, 21.89; H, 0.68. Found: C, 22.06; H, 0.65.
(Tetraphenylcyclobutadiene)(pentaiodocyclopen-
tadienyl)cobalt (17). Potassium iodide (1.18 g, 7.1 mmol)
and iodine (1.81g, 7.1 mmol) were stirred in water (100 mL)
for 2 h to prepare a solution of Klz. 15 (2.79 g, 1.37 mmol) in
THF (65 mL) was added to the solution, and the mixture was
stirred for 2 days at room temperature. Most of the THF was
removed under vacuum, and the mixture was transfered to a
separatory funnel and extracted with toluene (3 x 100 mL).
The combined organic fractions were extracted with an aque-
ous sodium thiosulfate solution (2 x 100 mL) and water (2 x
100 mL) and dried over Na,SO,4, and the solvent was removed
to give an orange powder. The crude product was chromato-
graphed (silica gel, dichloromethane/hexane, 30:70) and re-
crystallized from toluene to give 17 (747 mg, 49%) as orange
crystals. Mp: 260—280 (dec) °C. *H NMR (CDCls): 6 7.32—
7.40 (m, 3 H, Ph), 7.53-7.58 (m, 2 H, Ph). =C{'H} NMR
(DMSO-dg): 6 71.43 (Ch), 79.37 (Cp), 127.72, 128.19, 129.09,
131.54 (Ph). MS (EI*) m/z (relative intensity) 1109 (M, 100),
983 (M — 1, 20). IR (KBr, cm™'): 3056 (w, C—H aromatic),
1607 (s), 1274 (s), 574 (s, C—1), 556 (s, C—1). Anal. Calcd for
CssHxCols: C, 35.68; H, 1.81. Found: C, 35.60; H, 1.63.
[Tetrakis(4-(ethoxycarbonyl phenyl)cyclobutadiene]-
[pentakis((trifluoroacetoxy)mercurio)cyclopentadienyl]-
cobalt (18). 10 (300 mg, 0.390 mmol), mercury(ll) trifluoro-
acetate (890 mg, 2.09 mmol), and 1,2-dichloroethane (30 mL)
were charged to a 250 mL flask and heated at 70 °C for 22 h.
After the reaction mixture was cooled, hexanes (200 mL) were
added to the stirred solution to precipitate 18, which was
collected on a frit as an yellow-orange solid (630 mg, 69%).
This compound is nearly pure, and only very small peaks of
impurities remained in the aromatic region of the H NMR
spectrum. An analytical sample was obtained as a few crystals
by slow evaporation of the filtrate. Mp: >250 °C. *H NMR
(DMSO-dg): 6 7.82 (s, 4 H, Ph), 4.26 (g, J = 6 Hz, 2 H, CH,),
4.26 (t, J = 6 Hz, 3 H, CHs). 3C{1H} NMR (DMSO-dg): o
13.79 (CHs), 60.32 (CHy), 74.94 (Cb), 111.52 (Cp), 118.18 (q,
1Jcr = 290 Hz, CFs3), 127.80, 128.58, 129.22, 140.89 (Ph), 158.55
(9, 2Jcr = 38 Hz, C=0), 165.29 (C=0). IR (KBr, cm~%): 2982
(w, C—H aromatic), 1685 (s, C=0), 1280 (s, COO), 1209 (s,
CF3), 1129 (CF3). UV—vis (THF): 1 (¢) 440 sh (4000), 340
(36 000), 288 (43 500), 258 (43 000) nm (L mol~ cm~?). Anal.
Calcd for CssH36018F15sHgsCo: C, 28.33; H, 1.56. Found: C,
28.55; H, 1.70.
[Tetrakis(4-(ethoxycarbonyl)phenyl)cyclobutadiene]-
[pentakis(((2-hydroxyethyl)thio)mercurio)cyclo-
pentadienyl]cobalt (20). The cobalt complex 18 (0.2 g, 0.086
mmol) was dissolved in THF (5 mL). The solution was cooled
to 0 °C, and 2-hydroxyethanethiol (0.04 g, 0.52 mmol) in THF
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(1 mL) was added in one portion. The dark red solution was
allowed to stir for 1 min. Hexanes (50 mL) were added to
guench the reaction and to precipitate 20. The precipitate was
collected on a frit and washed with a copious amount of
hexanes to give 20 as a yellow-orange solid (0.111 g, 60%),
which was then recrystallized from a mixture of THF and
ethanol (red crystals). Mp. 175—180 °C (dec, change of color).
1H NMR (DMSO-dg): ¢ 7.83 (d, J = 8.4 Hz, 8 H, Ph), 7.76 (d,
J =8.4Hz, 8 H, Ph),4.98 (t, J = 5.1 Hz, 5 H, OH), 4.30 (q, J
= 7.5 Hz, 8 H, OCHy), 3.42 (g, J = 5.4 Hz, 10 H, CH,0), 2.77
(t, J = 6 Hz, 10 H, SCHy), 1.31 (t, J = 7.5 Hz, 12 H, CHs).
BC{'H} NMR (DMSO-ds): 9 14.24, 29.68, 60.47, 64.39, 73.17
(Cb), 126.30 (Cp), 127.65 (Ph), 128.34 (Ph), 129.40 (Ph), 142.48
(Ph), 165.43 (COO). IR (KBr, cm™%): 3430 (s, OH), 2920 (w,
C—H aliphatic), 1713 (s, CO), 1602 (s, C=C), 1384 (s, CH3
deformation), 1274 (s, C—0), 1175 (w), 1115 (m), 1058 (w), 1017
(w), 860 (w), 756—726 (w). MS (FAB*, 3—NOBA) m/z maxi-
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mum calcd at 2152, found at 2151. UV—vis (THF): 4 (¢) 440
sh (6500), 362 (38 500), 282 sh (39 000), 254 sh (48 500) nm
(L mol~*cm™). Anal. Calcd for CssHe1013SsHgsCo: C, 30.69;
H, 2.86. Found: C, 30.92; H, 2.94.
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