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[. Introduction

Widespread interest in rigid-rod molecules is largely
a phenomenon of the past decade as is easily verified
by a glance at the reference list in this article. It has
been primarily driven by interest in two areas: (i)
long-distance interaction phenomena such as electron
and energy transfer, magnetic coupling of transition-
metal atoms, etc., and (ii) use of molecular rods and
connectors for the construction of supramolecular
assemblies and giant molecules.!™ Tables 1 and 2
and Chart 1 list the formulas 1—24 of the structural
elements that will be dealt with in this review.

Although polymer chemists had been interested in
rigid-rod polymers for a long time, if we limit our
horizon to well-characterized and pure individual
molecular structures, as we do in the present review,
very few rigid-rod molecules were available when our
group’s interest in the subject was triggered at the
end of 1986 by an accidental observation of oligomers
of [1.1.1]propellane (2), since named [n]staffanes
(In]2) (section 111.B.1).5 True, oligoynes ([n]1) (section
I11.A), cumulenes ([n]15) (section 1V.A), and oligo-
phenylenes ([n]7) (section Ill. C.1) had been around
for a long time, but few such molecules were available
with axial functionalization at the termini, required
for use in a molecular construction kit, and structures
such as 4,4'-bipyridyl were the lone exceptions.
Zimmerman's clear formulation of the concept, his
rod based on bicyclo[2.2.2]octane’ ([1]3), and Zakhar-
kin's carborane dimers ([2]5, [2]68°) were harbingers
of developments to come.

Since that time, entirely new types of rod struc-
tures have been developed and old structures have
been greatly extended and elaborated. Yet we are not
aware of prior reviews devoted specifically to molec-
ular rods. A review of molecular wires'® and recent
books on oligomers!! and modular chemistry® prob-
ably come the closest. Our initial enthusiasm for
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writing a review on all known well-defined rigid-rod
molecular structures for the thematic issue on nano-
technology, including synthesis, properties, and ap-
plications, gradually dwindled as we dug through
more than 1000 relevant articles and faced a definite
deadline.

In the end, the resulting set of two reviews con-
centrates on synthesis and deals with most classes
of linear or nearly linear structures that have been
used or are likely to be used as relatively rigid and
robust molecular rods of well-defined length in “mo-
lecular construction kit” work on giant molecules or
supramolecular structures. It does not treat floppy
linear structures such as n-alkanes or oligosilanes,
and it does not deal with chemically ill-defined
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mixtures of rigid rods of similar constitution but
different lengths, and thus, it is a review of individual
well-defined rodlike oligomers as opposed to tradi-
tional rigid-rod polymers or carbon nanotubes. Co-
valently linked structures that owe their rigid lin-
earity to secondary interactions such as hydrogen
bonds, e.g., a-helical'®> and 3-sheet®® polypeptides, or
peptide-like synthetic oligomers, e.g., oligo(isocyan-
ides),* somewhat rod-shaped natural products such
as brevetoxin S,'® or monomeric, dimeric, and oligo-
meric steroids,'® and supramolecular structures such
as DNA (reviewed elsewhere in this issue'’) or
helicates'® are also excluded. Many of the excluded
types of rod structures are important and interesting,
and we realize that the definition of the scope of this
review is arbitrary.

We define sturdy covalent rods as “simple rods” and
call linear structures held together by the weaker
metal—ligand or metal—metal interactions “linked
rods”. In Part 1, we review simple axial rods, i.e.,
those covalent structures that are built from axial
modules linked by single bonds or by sharing termi-
nal atoms. An axial module has two collinear but
opposed terminal bonds (or vectorial sums of terminal
bonds if there is more than one on one side). In Part
2,19 which is comparable in size, we survey simple
rods of zigzag shape and ladder rods, whose modules
are linked by more than one single bond or share
more than a single atom. With our definition of a
simple rod, we treat any functional group or metal
atoms located at rod termini as belonging to connec-
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tors or potential connectors, i.e., as substituents and
not as a part of the rod. The only time this leads to
a serious ambiguity is in the case of a metal connector
that binds two rods at a 180° angle, thus producing
a longer linear rod. Such a connector is referred to
as a linker. Linearly linked rods are not “simple” in
our definition and are treated separately in Part 2,1°
whether they are axial or not. Rods connected in a
more complicated fashion are not covered.

We have attempted to present a comprehensive
description of modern synthetic approaches to each
class of rods, and the two reviews are primarily
reviews of rod synthesis. A few of the rod structures,
such as biphenyl, p-terphenyl, 1,1'-binaphthyl, 9,9'-
bianthryl, 4,4'-bipyridyl, tolan, and a few others, go
so far back in time that the literature on them is vast
and they are not covered comprehensively. In these
cases, we have merely attempted to draw attention
to recent important advances regarding terminally
functionalized structures.

For added interest, we provide selected representa-
tive information on rod structure and properties,
particularly the terminal functionalization, solubility,
vibrational and electronic spectra, and transmission
of electronic effects. Even less comprehensively, we
add a few illustrations of the uses that have been
made of the rods for the construction of more complex
molecular and supramolecular structures. Such
“modular chemistry” is not the subject of this review.

Our ultimate interest is in the use of molecular
rods as modules in the controlled construction of
molecular networks and scaffolds. Typically, however,
the rod itself consists of a small humber of rigidly
connected axially aligned smaller structural units
(“modules”) at a lower level in a hierarchy of struc-
tures, and this is the usage of the word “module” that
we shall employ. Individual smaller modules can be
connected by bonds (e.g., the benzene units in oli-
gophenylenes [n]7, section 111.C.1) or by sharing their
terminal atoms (e.g., double bonds in cumulenes [N]-
15, section IV.A).

The organization of the present set of reviews is
based on the constituent modules and links between
them. The modules are listed in Tables 1 and 2 and
Chart 1. Their formula numbers, 1—-24, refer to a
parent module with no terminal substituents and a
dangling bond on each end (unless the two terminal
valences mutually saturate, as in the propellanes).
The related hydrocarbons, with hydrogen atoms as
the terminal substituents, are given formula num-
bers [1]1—[1]20. The higher homo-oligomers are
given formula numbers [n]1—[n]20, where n is the
count of elementary modules in the oligomer. Co-
oligomers are treated separately and given ordinary
formula numbers. In our notation, constituent mod-
ules in co-oligomers are separated by a slash when
they are attached to each other by bonds, as in
ethyne/benzene, or by a double slash when they share
an atom, as in ethene//adamantane. In section head-
lines, we use the names of oligomers when they are
short, e.g., oligoynes, cumulenes, and staffanes, and
give the name of the constituent module or modules
otherwise, e.g., bicyclo[2.2.2]octane.
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[l. General Considerations

A. Why Molecular Rods?

As is often the case, the current surge of interest
in the synthesis of molecular rods and the study of
their properties results from a combination of op-
portunity and desire. Difficulties that seemed insur-
mountable just a few short years ago, such as the
selective synthesis, dissolution, separation, and char-
acterization of individual chemically unique and well-
defined species of high molecular weight, can now be
faced with somewhat less trepidation due to advances
in several fields of chemistry. Molecular rods have
always held a certain fascination for chemists, and
in areas such as liquid-crystal chemistry, their
synthesis has long been essential. More recently,
additional desire to prepare such structures arose
from the realization that giant molecules and su-
pramolecular structures might be able to perform
functions that small molecules do not, primarily in
biochemical and material science applications. The
process has derived much momentum from biomi-
metic considerations. As the chemical structure and
functioning of the very complex superstructures in a
living cell gradually become somewhat less of a
mystery, chemists naturally attempt to mimic some
of these structures and functions, e.g., photosynthe-
sis, with the ultimate hope of improving upon it. The
construction of complex structures is often easiest
with straight beams, hence the need for molecular
rods. Nature rarely builds with straight beams, and
man does not need to either, as many half-timbered
buildings in Northern Europe amply demonstrate,
but for beginners, this is not a bad way to start.
Besides, imitating nature, although often useful, is
not always optimal since the goals of the chemist's
construction effort and the conditions under which
such construction is performed can be vastly different
from those that applied in the process of natural
selection.

1. The Promise

A long separate review could be written on the
many uses and potential uses of molecular rods.
Here, we exemplify their utility by considering them
as spacers and construction elements in giant mol-
ecules and supramolecular assemblies. The discus-
sion is coached in general terms; specific examples
with references will be provided in the discussion of
the individual types of rods.

a. Spacers and Wires. Molecular rods offer the
opportunity to position two active centers at a known
distance apart and connect them by a medium whose
properties can be controlled at least to some degree.
The degree of interaction between the centers can be
studied by a variety of tools and provides information
about the electronic structure of the rod and about
the coupling of the centers to the rod, ultimately
contributing to the theory of chemical bonding. It
often falls off exponentially with the rod length.
Simple examples are the investigation of NMR
coupling constants between nuclei located in the two
centers and EPR coupling constants between one
center and an unpaired electron located at the other
center. These are usually detectable only in relatively
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Table 1. Modules for Singly Linked Axial Molecular Rods

Module Incremental Module Corresponding 1P /eV EAY |E.S Section
Length/A® | Width /A® Hydrocarbon /eV | /10°cm™
2.66 34 ethyne 1147 | -2.68 ~45" LA
1 [ :
3.35 5.5 bicyclo[1.1.1]pentane | 9.65' -5.35 >50 1IL.B.1
19
2
4.18 6.8 bicyclo[2.2.2]octane 9.9* <0 > 50 1I1L.B.2
---@--- 3 [1]3
4.19 7.8 cubane 8.56' <0 >50 1.B.3
---@"' [1]4
4
4.85 7.1 1,10-dicarba-closo- 10.5" <0 > 50 II.B.4
decaborane
-==03 O =
s
5m
4.63 79 1,12-dicarba-~closo- | 10.32° <0 >50 111.B.4
dodecaborane
- )o--- m
6 [116
431 6.7 benzene 92438 { -0.77 ~39" II.C.1
: -1.158
- - 3.4 17
7
4.32 9.1 naphthalene 8.1442" | -0.191° | ~33" | IIL.C2.a
0.140*
—_ - 3.4 [1]18
)
4.33 115 anthracene 7.4392" | 0.66" ~27* | ILC.2b
O 3.4 (119
)
8.51 9.1 pyrene 7.4256" | 0.500° ~29" | ML.C2.c
34 [1]10
10
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Table 1 (Continued)

4.22 6.7 pyridine 9.34 -0.62° ~3gha IIL.C3
- / \ —— 3.4 (111
11
o ~3.4 ~73 squaraine ~39% |IID.5.a
0)
(112
: 12
Oe
3.53 6.6 cyclobutadiene 7.65%e e IIL.D.2.e
metal complex
-— - - >8£‘E
13 [1]13
ML,
8.35 11.4 porphyrin 6.67 ~16" [.C.4
3.4 [1]14
14

a Contribution to rod length: one module plus one single CC bond, averaged from crystallographic data (Cambridge Database).
b van der Waals module width including contributions from the hydrogen atoms, in two perpendicular directions, averaged from
crystallographic data (Cambridge Database). ¢ First ionization potential. ¢ Electron affinity. ¢ The lowest singlet excitation energy.
fPlessis, P.; Marmet, P. Int. J. Mass Spectrom. lon Processes 1986, 70, 23. 9 Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978,
11, 341. " Perkampus, H.-H. UV-Vis Atlas of Organic Compounds; VCH: New York, 1992. ' Wiberg, K. B.; Connor, D. S. J. Am.
Chem. Soc. 1966, 88, 4437. 1 Schafer, O.; Allan, M.; Szeimies, G.; Sanktjohanser, M. Chem. Phys. Lett. 1992, 195, 293. X Bieri, G.;
Burger, F.; Heilbronner, E.; Maier, J. P. Helv. Chim. Acta 1977, 60, 2213. ' Lifshitz, C.; Eaton, P. E. Int. J. Mass Spectrom. lon
Phys. 1983, 49, 337. ™ Black dots represent BH groups, white dots represent C atoms. " Fehlner, T. P.; Wu, M.; Meneghelli, B. J.;
Rudolph, R. W. Inorg. Chem. 1980, 19, 49. ° Orlov, V. M.; Pustobaev, V. N.; Olshevskaya, V. A.; Zakharkin, L. I.; Galchenko, G.
L. Dokl. Phys. Chem. 1988, 300, 518. » Nemeth, G. I.; Selzle, H. L.; Schlag, E. W. Chem. Phys. Lett. 1993, 215, 151. 9 Ruoff, R. S;
Kadish, K. M.; Boulas, P.; Chen, E. C. M. J. Phys. Chem. 1995, 99, 8843. " Cockett, M. C. R.; Ozeki, H.; Okuyama, K.; Kimura,
K. J. Chem. Phys. 1993, 98, 7763. s Burrow, P. D.; Michejda, J. A.; Jordan, K. D. J. Chem. Phys. 1987, 86, 9. t Zlatkis, A.; Lee, C.
K.; Wentworth, W. E.; Chen, E. C. M. Anal. Chem. 1983, 55, 1596. ! Heinis, T.; Chowdhury, S.; Kebarle, P. Org. Mass Spectrom.
1993, 28, 358. ¥V Hager, J. W.; Wallace, S. C. Anal. Chem. 1988, 60, 5. ¥ Ruoff, R. S.; Kadish, K. M.; Boulas, P.; Chen, E. C. M. J.
Chem. Phys. 1995, 99, 8843. X Lyons, L. E.; Morris, G. C.; Warren, L. J. J. Phys. Chem. 1966, 72, 3677. Y Arimura, M.; Yoshikawa,
Y. Mass. Spectrosc. (Tokyo) 1994, 32, 375. 2 Nenner, l.; Schulz, G. J. J. Chem. Phys. 1975, 62, 1747. 3 Lowest 7—x* transition.
bb vvalue for the squarate anion C,0,2~. © Depends on metal ligand. 9¢ Hall, M. B.; Hillier, I. H.; Connor, J.; Guest, M. F.; Lloyd,
D. R. Mol. Phys. 1975, 30, 839. * Value for the iron tricarbonyl cyclobutadiene complex, ML, = Fe(CO)s. f Dupuis, P.; Roberge,
R.; Sandorfy, C. Chem. Phys. Lett. 1980, 75, 434.

short rods. A somewhat more complex case is the
examination of the propagation of substituent effects
through a conjugated or saturated molecular frame-
work, which is complicated by the need to separate
the part of the effect that propagates through sur-
rounding space.

Electronic interaction between the active centers
through the molecular rod can be probed by photo-
electron spectroscopy and electron transmission spec-
troscopy, whose simplified interpretation in terms of
Koopmans’ theorem provides information about or-
bital energy splittings that result from the interaction
through the rod. Weaker interactions can be probed
by examination of energy or electron transfer be-
tween the centers. This transcends the use of the rods
as mere spacers and brings us to consider them as

photonic, electronic, protonic, or ionic wires which
mediate the directional motion of electronic excitation
energy, an electron, a proton, or another ion from one
active center to the other.

Although little work has been directed toward
protonic and ionic wires, much more remains to be
done; so far most of the attention has been focused
on the use of molecular rods as photon and electron
wires. Despite all this work, very little has been
sufficiently systematic to permit quantitative state-
ments about the relative ease with which excitation
or charge move along one or another kind of wire,
the wire length at which the mechanism changes
from coherent transfer to incoherent hopping when
the latter is possible, the relative role of o and «
symmetry orbitals when both are present, the im-
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Table 2. Modules for Doubly Linked Axial Molecular Rods
Module Incremental Module Corresponding 1P /eV EA? |E,’ Section
Length /A® Width /A® Hydrocarbon /eV /10° em™
1.30-1.34 3.4 ethene 10.5138¢ -1.78* ~ 62 IV.A
~::a=-::'
- - 15 [1j15
2.10 6.4 cyclobutane 9.8% <0 > 50 IV.B
,.—'O'\. [1]16
16
2.86 6.6 cyclohexane 9.80/ <0 >50 IV.D.1
"’-<:>‘"" 17 1117
2.84 6.7 1,4- 8.82* -1.75" ~40' Iv.b.2
— _<:>_,_- cyclohexadiene
.- Sea 18 34
[1]18
3.17 7.7 stellane <0 >50 IVv.D.3
s <2 1119
19
351 8.1 adamantane 9.25" <0 >50 VD4
- <©»- [1120
20

aModule length averaged from crystallographic data (Cambridge Database). ? van der Waals module width including
contributions from the hydrogen atoms, in two perpendicular directions, averaged from crystallographic data (Cambridge Database).
¢ First ionization potential. @ Electron affinity. ¢ Lowest singlet excitation energy. f Depends on rod length. 9 Williams, B. A.; Cool,
T. A. J. Am. Chem. Soc. 1995, 99, 14247. " Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341. | Perkampus, H.-H. UV-
Vis Atlas of Organic Compounds; VCH: New York, 1992. i Holmes, J. L.; Lossing, F. P. Org. Mass Spectrom. 1991, 26, 537.
kKimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Kwata, S. In Handbook of Hel Photoelectron Spectra of Fundamental
Organic Compounds; Japan Scientific Society Press: Tokyo, 1981. ' Bewick, A.; Edwards, C. J.; Jones, S. R.; Mellor, J. M.

Tetrahedron Lett. 1976, 631.

portance of the relative disposition of the energies of
the electron at the two centers and on the rod (where
its presence may but need not be merely virtual), or
the effects of lateral substituents. As a result, it is
not yet possible to predict the transfer rates or to
design rods in which they have been tuned to desired
values, let alone rationally design rods in which the
transfer rate can be tuned by the change of state of
a lateral substituent.

Little is known about the redox potentials of the
conjugated wires, although these are essential if the
wires are to be ever used for actual transfer of charge
to molecules that are to be reduced or oxidized or if
they are to be used in molecular diodes. Many of the
conjugated wires probably have a sufficiently low
electron affinity that their reduced form would be
oxidized by molecular oxygen, making them of little
use in the open atmosphere. The role of solution
counterions in codetermining charge-transfer rates
has been little explored. Here, it would most likely

be interesting to attach ions permanently along the
rod, as occurs naturally in DNA, but this does not
appear to have been examined.

b. Construction Elements. The use of molecular
rods as construction elements depends critically on
our ability to adjust the length of the rod to a desired
value, to attach the desired terminal or possibly
lateral connectors, and to secure sufficient rigidity.
The control of rod length is facile, down to perhaps
+1 A if the electronic structure does not matter, as
might often be the case in construction applications,
since a variety of modules are available and can be
combined in a large number of ways. This is not to
say that all such combinations will be synthetically
easy, as noted below. A fair number of terminal
groups are available for connector attachment.

However, in contrast to freshman students’ expec-
tations, molecular “rigid” rods are not rigid at all but
are highly flexible, even though their equilibrium
structure may be linear. At room temperature, even
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quite short rods bend and flex vigorously and should
be thought of as rubber sticks rather than steel rods.
With the possible exception of nanotubes, truly long
rods many nanometers in length should be thought
of as boiled rather than raw spaghetti. To increase
the rigidity, it may be possible to bundle the rods,
and the first reports of efforts directed to this goal
have appeared. The rigidity issue is likely to com-
plicate the construction of structures that use rods
longer than 2—3 nm.

The structures assembled so far have been mostly
free-floating in solution. This would be acceptable in
some applications, such as rod-based racks used to
force a particular conformation on a flexible chain
attached to rack ends or artificial enzymes?>2! in
which functional groups have been adjusted into
controlled locations by attachment to a scaffold, and
not in others, such as sieves in which a molecule
shaped like a tennis net would be used for size-
selective separation of solutes, but would have to be
mounted rigidly, i.e., over a metal mesh with large
openings. Also, various proposed molecular machines,
switches, and other devices will frequently need to
be anchored. Only a limited amount of work has been
performed on anchoring giant molecules on surfaces
in a controlled fashion.

If there is a need to communicate with a molecular
machine or other device from the outside world, the
situation complicates further. Electrical communica-
tion requires attachment to electrodes, and although
wholesale coating of electrodes with molecules is
performed commonly, controlled attachment of a
single albeit giant molecule to an electrode, not to
mention attachment to two electrodes, is another
matter. Even attempts to bridge a small gap between
electrodes with a single molecular rod-based wire and
measure current through it have met with limited
success so far. Much more effort is required in this
area. Photonic communication with a single molecule
by scanning near-field optical microscopy (SNOM) is
easy in comparison as long as the molecules are
relatively far apart. However, when they are not,
selective addressing has not been accomplished. It
is possible that altogether different modes of com-
munication will be more useful, based on biomimetic
analogies such as chemical reaction with a species
generated in the vicinity and brought close along a
specific diffusion path, etc.

2. The Difficulties

The three primary difficulties encountered in the
synthesis of molecular rods are poor solubility, dif-
ficult separations and purification, and demanding
characterization.

Solubility. Of the three primary obstacles, low
solubility is probably the worst. If a mixture of high
molecular weight materials cannot be brought into
a solution (or perhaps at least a melt), there is very
little hope of separating the components and even a
full characterization of the mixture will be very hard.

The chief tool that has been used over the years to
increase the solubility of molecular rods is the at-
tachment of a sufficient number of flexible side
chains. Most often, each module of which the rod is
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composed has to carry at least one such side chain.
It would be very useful to know more about solubility
as a function of the structure of the rod itself and of
the nature and number of the attached chains, but
sufficiently systematic studies have not been per-
formed, and quantitative information about solubili-
ties is almost entirely missing in the synthetic
literature.

For some intended uses, such as purely structural
purposes, the presence of flexible chains presents no
interference and they may be considered innocent.
For others, such as charge or energy transfer, it may
be useful or detrimental and needs to be carefully
considered. Even alkyl chains, and more so, alkoxy
chains, modify the electronic structure and properties
of the fundamental modules, such as redox potentials
and electronic excitation energies.

A less well-recognized tool is the use of co-oligomers
instead of homo-oligomers, which appears to enhance
solubility as well, although here, still less is known
even in a semiquantitative sense.

Finally, an obvious tool that has seen virtually no
use is the attachment of charged moieties to the rod
or placement of charges directly into the rod. Very
few highly charged molecular rods other than oligo-
nucleotides have been synthesized, and the likely
solubilizing properties of the charges remain almost
entirely unexplored. One could imagine that either
temporary or permanent attachment of charged
groups to otherwise poorly soluble molecular rods
might offer considerable advantages.

Separation and Purification. The development
of high-performance liquid chromatography and gel-
permeation chromatography permitted a revolution-
ary improvement in the separability of complex
mixtures of materials of high molecular weight, both
on an analytical and a preparative scale.

If and when work with charged molecular rods
becomes more popular, it is likely that electrophoresis
will turn out to be another tool worth borrowing from
the biochemists. Even for nominally neutral rods, the
presence of dissociable groups or their temporary
introduction would be worth considering.

Characterization. The relentless push of NMR
spectroscopy to higher magnetic fields permits the
separate observation of protons and other nuclei that
would have been unthinkable not long ago. Perhaps
even more important, the development of soft ioniza-
tion methods such as matrix-assisted laser desorption
ionization (MALDI) and electrospray ionization (ESI),
suitable for very high molecular weight species,
combined with the high resolving power of modern
mass spectrometers provide an indispensable char-
acterization tool.

Unfortunately, ion fragmentation often intervenes
even with these methods and more so with the less
gentle secondary-ion mass spectrometry (SIMS), fast-
ion bombardment mass spectrometry (FABMS), and
plasma desorption mass spectrometry (PDMS), and
there are many giant molecules that have been
synthesized but remain incompletely characterized.
Additional developments in this area will be of crucial
importance.
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Chart | (Continued)
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As molecular rod size increases and scanning probe
microscopy techniques improve, it is likely that
scanning tunneling microscopy (STM), atomic force
microscopy (AFM), and related techniques will con-
tribute to the characterization of well-defined and
separated molecular rods.

B. Modules and Rods

Axiality and integrity of a simple molecular rod are
determined by the geometry of the constituent mod-
ules and the bonds that link them together. Axial
rods, treated in this review (Part 1), are of two types.
In singly linked axial rods, each link connects a pair
of atoms on adjacent modules by a single bond along
the rod axis, permitting a more or less free rotation,
as exemplified by oligophenyls ([n]7) (section 111.C.1).
In doubly linked axial rods, neighboring modules
share a terminal atom, either doubly bonded as in
cumulenes ([n]15) (section 1V.A) or spiro bonded as
in oligo(spirocyclohexadiene)s ([N]18). Zigzag rods
(e.g., oligoenes [Nn]25), treated in Part 2,*° are similar
to axial rods but maintain only a long-range axiality.

“ OO0 oo

(7125 [n]26 27

In a ladder rod such as [n]acene ([n]26), also treated
in Part 2,1° the link is either represented by two
bonds between two pairs of atoms located on adjacent
modules or by an edge shared by adjacent modules.

Table 1 lists the modules commonly used in singly
linked axial rods, and Table 2 lists those commonly
used in doubly linked axial rods.

1. Modules for Singly Linked Axial Rods

These are required to hold two opposed and col-
linear C—H groups rigidly at a fixed distance in
space. On paper, when the modules are used to build

[n+2]19

rods, the terminal hydrogens are removed and the
dangling terminal bonds are used to form single links
between modules. The requirement of axiality and
the tetravalency of carbon in its stable compounds
place considerable restrictions on module structure.

a. Cylindrical Modules. When the three remain-
ing bonds on each CH terminus are connected
directly, the highly symmetric (D.n) ethyne module
(1) results. When they are connected through bridg-
ing groups, cage structures result. The preservation
of axial symmetry requires 3-fold symmetry (at least
C3). The simplest bridging group is CH,, and its use
leads to the bicyclo[1.1.1]pentane module (2). The
next is CH,CH,, which produces the bicyclo[2.2.2]-
octane module (3). The tendency of its CH bonds to
avoid eclipsing endows it with a partially twisted
structure, but flipping between the structures twisted
in opposite directions is facile. When the twist is
increased to 60° and each of the bridge carbons on
the left in bicyclo[2.2.2]octane (3) is connected to the
closest bridge carbon on the right, the highly sym-
metric rigid cubane module (4) results.

Further increase of the length of the three bridges
to CH,CH,CHy, leads to bicyclo[3.3.3]Jundecane (21),
a structure that is too floppy to be useful as a rigid
module and is not listed in Table 1. Of the various
ways in which it could be made more rigid, the
trishomocubane module?? (22) is the most obvious,
but to our knowledge, this has not yet been used in
rod construction and is, therefore, not listed in Table
1 either. The hexahomocubane (23) and dodecahe-
drane?® (24) structures are additional examples of
cage modules that might become interesting in the
future.

Additional possibilities are offered by the sym-
metric replacement of CH, groups with heteroatoms
such as O or NH groups and by the replacement of
the terminal CH groups by groups such as SiH and
NH*. To our knowledge, these have not yet been used
in the synthesis of molecular rods.
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Special opportunities open when the bridges are
built from boron atoms. Because of their propensity
toward three-center bonding, they can produce stable
deltahedral cage structures in which the terminal CH
groups have three (C,Bs3Hs), four (C.BsH¢ and
C,BgHao), or five (C2B1oH12) boron neighbors. Two of
these carborane structures, 5 and 6, have been used
in rod construction and are listed in Table 1.

b. Planar Modules. A less symmetrical way of
holding two opposed collinear CH groups rigidly in
space is offered by planar unsaturated cyclic modules
with an even number of atoms in the perimeter.

In aromatic modules, the perimeter has (4N + 2)
electrons and planarity is provided by the aromatic
stabilization. The benzene ring has seen the most use
by far, while the larger rings are distorted and/or
insufficiently rigid. These shortcomings can be over-
come by cross-linking or bridging of the aromatic
perimeter, which lead to a variety of polycyclic
structures. The most important of these modules
benzene (7) (section 111.C.1), naphthalene (8) (section
111.C.2.a), anthracene (9) (section 111.C.2.b), pyrene
(10) (section 111.C.2.c), and pyridine (11) (section
I11.C.3) are listed in Table 1. The modules are very
stable and have been used for the synthesis of
molecular rods in their parent or variously substi-
tuted forms. Some of the (4N + 2)-electron perimeters
are formally charged, and their charges can be
compensated by introduction of heteroatoms such as
O or NH. The porphyrin ring system (14) (section
111.C.4) provides a prime example.

In antiaromatic modules, such as cyclobutadiene,
the perimeter has 4N electrons. At the regular
polygon geometry, the molecule then is a perfect
biradical. Pseudo Jahn—Teller distortion reduces the
symmetry (e.g., rectangular cyclobutadiene??), con-
verts the species into a homosymmetric? biradicaloid,
and stabilizes it somewhat, but this is insufficient.
Even though cyclooctatetraene and highly substi-
tuted cyclobutadienes can be isolated, their antiaro-
matic nature makes them unstable and disfavors
planarity, making them less suitable for the con-
struction of molecular rods. This remains true even
if cross-linking enforces planarity, as in pentalene.

There are several ways in which sufficient stability
can be achieved. Much stronger homosymmetric
perturbation,?® sufficient to remove biradicaloid char-
acter, such as benzo annelation to produce biphen-
ylene (27) (Part 2'9), is one possibility. Another is
strong heterosymmetric®® perturbation, which pro-
duces stable structures such as 1,3-diboradiazetes.
However, the two strategies that have been employed
the most are transition metal = complexation (cy-
clobutadiene metal complex, 13, section 111.D.2.e)
and push—pull substitution (squaraine, 12, section
I11.D.5.a). Both of these possibilities have been
utilized in the co-oligomeric synthesis of molecular
rods and are listed in Table 1.

2. Modules for Doubly Linked Axial Rods

These have to hold two opposed CH, groups rigidly
at a fixed separation, with the bisectors of the HCH
angles coincident. When used for rod construction,
neighboring modules share one terminal atom. One
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therefore needs to remove both hydrogens at a ter-
minus and use the two dangling valences either to
make a double bond (doubly linked axial rods) or a
spiro bond (spiro linked rods) within another module.

The simplest among these modules is ethene (15),
in which the two remaining free valences of the CH,
groups are connected directly. This is the parent of
the long-known cumulene rods. The remaining two
valences of each CH; terminus can also be connected
through bridging groups, leading to cyclobutane (16),
cyclohexane (17), and similar modules, but these are
increasingly flexible and on the borderline of what
could still be considered a rigid module (the axes of
the terminal CH; group are not coincident, and some
of those rods could be considered zigzag rods and
moved to Part 2%°). Connection through vinylene
bridges, as in 1,4-cyclohexadiene (18), enhances the
rigidity somewhat. However, truly rigid modules are
obtained only when the bridge carbons are cross-
connected into a cage: two cross-links convert the
floppy cyclooctane into the rigid stellane (19), and
adamantane (20) can be viewed as bishomostellane.

3. Module Properties

Tables 1 and 2 provide information on some of the
basic module features. Module thickness was roughly
estimated from crystal packing in experimental
structures by assuming standard C—H bond lengths
and a hydrogen van der Waals radius of 1.2 A. For
rods that are not axially symmetrical, two thickness
values are given (in-plane and out-of-plane). Typical
thickness is 6—8 A, and only the ethyne (1) and
ethene (15) modules are significantly thinner. These
are the minimum module widths, and the use of
lateral substituents in place of hydrogens can in-
crease them considerably.

Module length is characterized by a rod length
increment that results when a rod is extended by a
single module. In singly linked rods, this is equal to
the distance between the terminal carbon atoms of
the modules plus the average of the lengths of the
C—C bonds that emanate from the termini. Most of
these modules have a length of a little over 4 A, and
only the shortest one, ethyne (1), and those based on
four-membered rings (bicyclo[1.1.1]pentane 2, squar-
aine 12, cyclobutadiene 13, and cyclobutane 16)
provide smaller increments. The increment length in
doubly linked rods is given by the terminus-to-
terminus (C—C) separation in the module (in zigzag
rods this needs to be projected into the direction of
the rod axis) and is therefore generally smaller,
permitting a finer tuning of the rod lengths. The
values listed in the tables were obtained by averaging
experimental structural information obtained on
modules or rods with various terminal (and lateral)
substituents and are necessarily approximate. We
have used our best judgment in estimating the
contributions provided by the terminal bonds in those
cases for which a single-crystal structure of an actual
rod was not available. In addition to the experimental
values of the rod length increment, we list in Table
3 terminal carbon—terminal carbon distances ob-
tained by geometry optimization at the HF/6-31G*
level of theory, performed on a module terminally
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substituted with hydrogen atoms. In addition to
equilibrium geometrical characteristics, the resis-
tance of the modules to applied stress is of great
importance for the mechanical behavior of the rods
built from them. We attempted to provide some
feeling for the relative values for the ease of bending
of the various single molecules in Table 3. We also
listed results for the ease of longitudinal compression
of the modules.

The numerical values listed were obtained by
repeating the HF/6-31G* calculation for a module
whose symmetry was preserved except that one of
the terminal C—H bonds (or bisector of the terminal
HCH angle) was bent 20° away from its equilibrium
position and whose geometry was otherwise opti-
mized. Since this can often be accomplished inde-
pendently in two orthogonal directions (in-plane and
out-of-plane bend), one or two values for the increase
in energy AEg are listed. The AEp values thus provide
a rough indication of the relative rigidity of the
modules with respect to a bending distortion. Analo-
gous values AE for the relative resistance to longi-
tudinal compression were obtained by repeating the
calculations for a module whose terminal carbon
atoms were fixed at a distance 5% shorter and whose
symmetry was preserved but whose geometry was
otherwise optimized.

The values of module distortion energies AEj and
AE; given in Table 3 have relative rather than
absolute significance, but it is worth noting for
comparison that the value of thermal energy KT is
~0.6 kcal/mol at room temperature. The bending
motion is particularly easy for the ethyne and ethene
modules. Given their short length, this suggests that
a rather small radius of curvature will be easily
achieved in oligoyne and cumulene rods. Similar ease
of bending is calculated for the out-of-plane distortion
of aromatic modules, whose larger length, however,
suggests that small radii of curvature will not be so
easily achieved. The bending of the cage modules and
the in-plane bending of aromatic modules are sig-
nificantly more difficult.

Longitudinal compression of the modules is gener-
ally harder to achieve than bending, and uncon-
strained optimization at a geometry in which the
terminal atoms have been brought 5% closer together
relative to the optimized geometry leads to module
flexing rather than its longitudinal compression.
When the latter is enforced by a symmetry constraint
to obtain the AE, values, we note considerable stiff-
ness in polycyclic aromatics but not in the porphyrin
macrocycle. Among the other modules, ethyne and
10-vertex carborane stand out as longitudinally
stiffer than most.

Rod structure, width, length, and resistance to
longitudinal and transverse distortion follow quali-
tatively from the properties of the constituent mod-
ules and their numbers. The ease of bending in-
creases dramatically as the rod length increases. The
corresponding transverse vibrations are of low fre-
quency and difficult to observe experimentally, and
an appraisal of rigidity often rests on calculations?’
or indirect information, such as the relative stability
of different conformers and the strain energy of
compounds containing a bent rod.
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In addition to increasing the dimensionality of rod
construction, e.g., converting an axial rod into a
ladder rod,?8=%0 the rigidity of a molecular rod can
be increased by the introduction of bulky substituents
at the backbone,3 which restricts bending motions,
or by threading the backbone through rigid mac-
rocycles.®734 Then, even very flexible oligomers, such
as oligo(ethylene glycol)s, can be converted into more
rigid rods.

Saturated and conjugated rods neatly fall into two
separate classes with regard to their excitation
energies, ionization potentials, and electron affinities.
The closo carboranes, although sometimes referred
to as “aromatic” because of their delocalized bonding,
behave as if they were saturated. When modules are
combined into rods, their electronic characteristics
asymptotically approach a limiting value as the rod
length increases. For practical purposes, the limit is
usually reached already at a fairly short rod length,
referred to as the conjugation length. This is an
approximate concept and a function of the particular
property measured. In a better approximation, one
can speak about the length of an exciton for electronic
excitation (at ground state geometry for the absorp-
tion spectrum and at singlet or triplet excited state
geometry for the fluorescence or phosphorescence
spectrum), and the length of a positive polaron for
ionization and a negative polaron for electron attach-
ment. In solution, these lengths may also depend on
the nature of the solvent, particularly for the po-
larons. In oligomers that are differentially terminally
substituted and in co-oligomers, the dependence of
electronic properties on chain length can be more
complicated and need not even be monotonic.

C. Overview of Synthetic Methods

The preparation of rods of a predetermined length
represents a considerable synthetic challenge.'® Two
approaches exist:% targeted and random synthesis.

Targeted synthesis usually involves a long series
of controlled steps in which modules are transformed
or combined such that only one oligomer is involved
in each reaction and the target product, a rod of
particular length, is virtually the only product. The
advantage of the targeted method is in the relatively
easy purification of the resulting oligomers. However,
the reaction sequence is usually long, and several
distinct sequences may be required to obtain all the
oligomers desired. In the divergent approach, one
module is added at a time, and in the convergent
approach, large pieces of the rod are coupled. A
combination of the divergent and convergent ap-
proaches leads to “iterative” synthesis,*®28 which
permits exponential growth of the oligomeric chain
with high overall yields of individual oligomers, and
was used to synthesize some of the longest well-
defined molecular rods known. An efficient general
algorithm for such exponential synthesis is shown in
Scheme 1, where a prime indicates a protected
(unreactive) form of a functional group, and selective
deprotection must be possible.

Random synthesis converts a module or a shorter
rod into a mixture of oligomers whose length distri-
bution may be controlled to some extent by the choice
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Table 3. Calculated Mechanical Properties of Axial Modules
Module Name* CC distance /A’ E, .
/kcal mol™'* /kcal mol ™

—— ——— . ethync [1]1 1.18 5.8 31
bicyclo[1.1.1]pentane 1.87 33 7.5
bicyclo[2.2.2]octane 2.59 3.0 8.0

---@--- [1]3
cubane 70 34 6.9

---@--- [1]4
1,10-dicarba-closo- 3.33 6.7 7.3

decaborane

=0 O=== [1]52

1,12-dicarba-closo- 3.04 4.2 7.1
dodecaborane

- o [116°
benzene 2.77 3.4 5.V
@ v N
naphthalene 2.79 35 43
) 9.6g
anthracene 2.78 3.5 4
O [119 9.8%
pyrene 7.00 15.4 3.V
[1]10 9.6¢
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Table 3 (Continued)

squaraine” 1.99 4.0 3 .7£’i
0e [1]12 8.4
HN—~@O—NH,
Oe
cyclobutadiene 2.04 3.8 1.3

metal complex’ 3.5
---@--- [1]13 7.28

porphyrin 6.84 3.3 2.67

[1]14 8.2

~ - ethene 1.32 4.0 3.0/
Lo [1]15 10.8%

cyclobutane 2.16 2.4 4.3m

i

- _<>_,_- [1]16 64
cyclohexane 2.96 2.1 8 .2(7’

.~ - 7.1"
O (17 %
1,4-cyclohexadiene 2.99 33 6.8

_<:>_ [1]18 6.5°

stellane 3.26 4.4 8.87
<8> i

adamantane 3.55 3.1 6.3
§
[1]20 6.2

a Name of the hydrocarbon obtained by attaching hydrogens to the dangling bonds of the modules. P The distance between the
terminal carbon atoms of the hydrocarbon at optimized (HF/6-31G*) geometry. © Increase in energy (HF/6-31G*) upon compression
of the CC distance by 5% from the optimized values with geometry reoptimization subject to this constraint and preservation of
symmetry. ¢ Increase in energy (HF/6-31G*) upon 20° deflection of one C(terminal)—H vector or a H—C(terminal)—H bisector off
its optimized orientation (connecting the two terminal C atoms) and geometry reoptimization subject to this constraint. ¢ Empty
circles, C; full circles, BH. f Out-of-plane deflection. 9 In-plane deflection. " NH, groups were attached to the dangling bonds. ' The
CN bond was deflected. I ML, = CoCp. k Deflection away from the Co atom. ' Deflection toward the Co atom. ™ HCH bisector
deflected in the HCH plane away from axial H on adjacent CH; groups. " HCH bisector deflected out of the HCH plane by rotation
about an axis perpendicular to the C(terminal)—C(terminal) line. ° HCH bisector deflected in the HCH plane toward axial H on
adjacent CH; groups. P HCH bisector deflected in the plane of the four bridge carbons. ¢ HCH bisector deflected out of the plane
of the four bridge carbons. " HCH bisector deflected in the HCH plane. s HCH bisector deflected out of the HCH plane.
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Scheme 1
X—AF-Y'
N

X—{Ak-Y X-{ARF-Y

-XY
X—[Al7Y

of the mechanism of oligomerization and the reaction
conditions. This is followed by separation of oligomers
if individual compounds need to be prepared (some-
times libraries of homologous oligomers need to be
obtained, but this is not our concern here). The
advantage of the random method is the minimal
number of synthetic steps needed, frequently only
one. The disadvantages are the often laborious oli-
gomer separation and low yields of the individual
oligomers.

Methods for the preparation of the axial (Part 1)
and zigzag (Part 2°) rods are dominated by metal-
catalyzed coupling reactions®®#° forming single or
multiple covalent bonds. The choice of the catalyst
is dictated by the propensities of the precursors to
add oxidatively to the active site of the catalyst and
by the product rod to eliminate reductively. Those
metal complexes which add rod precursors but do not
eliminate them can serve as connectors for attaching
the rods to other rods or to other modules (see Part
219), Given the immense variety of available metal-
containing catalysts, the coupling reactions usually
can be tuned to give good yield and selectivity. An
alternative to these methods are classical condensa-
tions, radical coupling and telomerization, and rear-
rangements of suitable precursors. These methods
are somewhat less versatile, but in many cases they
are the only available synthetic route when the
reactive intermediates involved do not survive a prox-
imity of electropositive metals (cf. section 111.D.1.a).
At present, the metal-catalyzed coupling reactions
are well worked out for the coupling of aryl, vinyl,
ethynyl, and carboranyl groups to each other and less
so to other cage modules. General and selective
bridgehead-to-bridgehead cross-coupling of other cage
modules with each other is an unresolved synthetic
problem, and even bridgehead-to-bridgehead dimer-
ization is difficult in several instances.

Carbon-based spiro rods (Part 1) are hard to make
and are the least well studied. Ladder-type rods (Part
219) are usually prepared by Diels—Alder reactions.
However, such approaches as zipper-type rearrange-
ments and condensations are also useful in certain
cases.

An important consideration in the synthesis of
terminally functionalized molecular rods from mod-
ules is the timing of the terminal substitution. Most
modules, such as cubane ([1]4) or bicyclo[2.2.2]octane
([113), cannot be selectively functionalized at the
terminal CH group and need to carry a substituent
from the outset of the synthesis, whether it is needed
for the construction of the rod itself or for the
attachment to connectors when the rod is used for
its ultimate purpose. Notable exceptions are the
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ethyne and carborane modules, whose acidic terminal
CH groups permit facile selective activation with
common strong bases, some of the arenes that
undergo selective electrophilic substitution at the
terminal carbon, and those heterocycles that carry a
terminal aza nitrogen, susceptible to selective elec-
trophilic attack on the nitrogen lone pair.

Finally, for many intended uses, lateral substitu-
tion of the rods will be of critical importance as well.
This has received little attention so far, with the
exception of long-chain attachment for solubilization
purposes. Selective lateral funtionalization of long
molecular rods remains a synthetic problem to be
tackled.

I1l. Singly Linked Axial Rods

The ethyne (1) and ethene (15) modules are the
simplest considered in this article, and oligoynes
([n]1, section I11.A)** along with cumulenes ([n]15,
section IV.A) represent the simplest molecular rods.
Oligoyne rods terminate in one single bond on each
side and have strongly alternating bond lengths,
while cumulene rods terminate with two single bonds
or a double bond on each side and have almost equal
bond lengths. In longer oligoynes ([n]1), the alterna-
tion is small close to the center of the chain but near
the ends it is still substantial.*? There is an interest-
ing oxidation—reduction relation between the oli-
goynes and cumulenes, most clearly brought out
when the terminal substituents are metals.

A. Oligoynes

The formal monomer, carrying no terminal sub-
stituents, is C,. Although known in the gas phase, it
is too reactive to be used as a bulk reagent. However,
the dianionic form, C,?~ (as well as C427) is readily
available and represents an important starting mate-
rial.

Because of the ease with which metal atoms are
attached to ethyne termini and because of the large
number of metalated rods known, we are treating
them separately from oligoyne rods carrying purely
organic substituents.

1. Organic Terminal Substitution

Synthesis. Symmetric coupling of free acetylenes
under mild conditions was discovered over a century
ago by Glaser (Scheme 2a),34* and his procedure has

Scheme 2
1) Cu', NH,0H
2) air
(@)
(b) Cuzr
R—==H R—=—=R
pyridine

©

Cu*tert. amine cat.,

oxidant
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been significantly improved since by Eglinton and co-
workers*>46 and Hay (Schemes 2b and 2¢).*” Stan-
nylated alkynes can also be symmetrically coupled
(Scheme 3).48 Unsymmetric coupling of terminal free

Scheme 3
trans-CHI=CHI
Pd cat.
R—= SHMC3 R I
- Csz !
- Me,Snl R,-[n]1

R=SnMe,, n>2
SiMe,, n=2

acetylenes developed by Cadiot and Chodkiewicz
(Scheme 4a)*° can be accomplished under a variety

Scheme 4
.
R-=—H + X-=—p @O
amine
(b)
R—=—IR}" + Cu—=TR' R—=—=-FR
R,R'-[2]1
(c) Pdcat.
R-=—SnR} + X—=R' -
amine

of conditions.*~%¢ In most of these reactions copper
acetylides seem to be the key intermediates. Coupling
of alkynyliodonium salts with copper(l) acetylenides
gives diynes in good yields (Scheme 4b),5” and Stille
coupling (Scheme 4c) of stannylated alkynes provides
a copper-free coupling method.>® A novel approach
to medium-length oligoynes (n = 3—7) via solution
spray flash vacuum pyrolysis of cyclobutenedione
precursors 28 developed in Diederich’s group does not
involve coupling in the last step (Scheme 5).5°

Scheme 5
O\ /O R'%;H O\ /O A
H Rtk
a’ y N 20 "
RS ‘ Ry-[2n+1]1
28

The longest individual isolated oligoyne with 16
triple bonds and an estimated length of ~42 A was
prepared by the Cadiot—Chodkiewicz coupling and
the divergent—convergent approach using singly tri-
ethylsilylated acetylenes.®® Lagow et al.®! reported
the synthesis of a Cg chain 29 with tert-butyl end
groups (Scheme 6) in four steps from methyl-tert-
butyl ketone and characterized it by single-crystal
X-ray diffraction. By the condensation of lithium
compound Li—C=C-Br in liquid NH3;, a mixture of
phenyl-capped ethyne chains with up to 28 carbon
atoms was prepared but not separated. Laser-based
gas-phase synthesis in the presence of end-capping
groups yielded mixtures of chains with up to 300
carbon atoms.®?

Properties and Uses. The major advantages of
oligoynes ([n]1) as rods are minimal steric demand,
synthetic accessibility from cheap precursors, ad-
equate thermal and photochemical stability of the
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Scheme 6
,(l)l\ NaNH M
(CH3)3C CH3 EtOAc (CH3)3C CH3
ipcg
NaNH, Cl cl
H =—=——H
(CH3)C (CH;3);C CH,
CuCl- TMEDA
(CH3)3C—=—=——=—=—C(CH3);
29

shorter ones, and above all the availability of numer-
ous effective procedures for the selective protection
or activation of a terminal CH group toward axial
coupling to other modules. At ambient conditions,
oligoynes are compatible with most functional groups
on other construction modules. They are stable
toward strong bases and moderately strong acids.
However, carbocations and radicals add readily to
C=C bhonds, and reactions involving these and similar
reactive intermediates need to be avoided on rods
containing the oligoyne linker, if the structure is to
be preserved. Another shortcoming is the absence of
positions suitable for lateral substitution.

The triple bond can be cleanly reduced to a cis-
olefin with diimide® or by hydrogenation on the
Lindlar catalyst.647% Selective transformation to a
trans-olefin may be achieved by Birch reduction.®*
Butadiynes react with hydrogen sulfide to yield
thiophenes.®” Dicobaltoctacarbonyl reversibly forms
complexes with acetylenes and butadiynes®%° and
reduces the C—C—C angle from 180° to around
138°.7° These transformations can be used to bend
an oligoyne rod.” Butadiynes add benzylmercaptane
and after one additional step yield 1,2-dithia-3,6-
phenylenes.” This reaction sequence will shorten the
rod without substantial loss of axiality.

Oligoynes ([n]1) are stable toward visible light, but
254 nm light excites butadiynes to a chemically
reactive state.” In crystals or ordered films, a string
of butadiyne moieties on neighboring molecular rods
can be oligomerized or polymerized into the corre-
sponding trans-74"7¢ or cis-"" polybutadiyne deriv-
atives.”®8° The occurrence of the polymerization and
its course are determined by the mutual orientation
of the butadiyne groups.”® End groups bulkier than
hydrogen, such as tert-butyl, triethylsilyl, and phenyl,
have an important stabilizing effect. Thus, the tet-
rayne 29 melts at 99 °C and is stable to at least 130
°C and 60 kbar.?

Oligoynes are very flexible linkers (Table 3), and
bent butadiyne units are found in dehydrobenzo-
annulenes® 8 and dehydroannulenes.®* According to
pioneering extended Huckel®® and more recent
DFT?®87 calculations, large carbon clusters Cr,, m >
10, actually prefer the cyclic geometry to linear
geometry since it allows them to avoid dangling
bonds at the termini. Bent oligoynes were proposed
as intermediates in the formation of Cg in carbon
arc;® cycloalkynes, such as cyclo-Cz 30 and cyclo-
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Ceo, Were prepared by Diederich, and their cations
undergo an efficient ion—molecule coalescence to give
fullerene ions.89~91 Excessive flexibility and reduced

T

30

stability of the longer oligoynes are some of the
reasons why only short oligoyne linkers (ethyne and
butadiyne) are frequently used in molecular assembly
and why they are most often used as co-oligomers.

Oligoynes ([n]1) are worse conductors of charge
and spin than oligoenes,*? presumably because of the
large bond-length alternation between the single and
the triple bonds.

Some oligoyne derivatives show potent antimicro-
bial activity.??

2. Metal Terminal Substitution

Terminal metal atoms on an oligoyne rod usually
carry other ligands, frequently including a cyclopen-
tadienyl ring.®®®* These bimetallic complexes have
been investigated as model systems for surface
carbides in heterogeneous catalysis, substrates for
spectroscopic investigations of electronic communica-
tion across oligoyne rods, building blocks for orga-
nometallic polymers, and intermediates in the quest
for carbyne, a carbon allotrope built from one-
dimensional molecules.

Synthesis. Bimetallic complexes of acetylene itself
are by far the most extensively investigated group.
The two terminal organometallic substituents are
frequently identical. Such complexes are usually
obtained by metal—halogen exchange or metal—metal
exchange from dilithiated, dihalogenated, or other-
wise activated acetylene.®® The metathesis reaction
between —W=C— and —C=CMe has also been ex-
ploited in this context (Scheme 7).9%697 Examples with
W,% Fe,% Sc,19 Cr,101 Tj,102 Ay, 103 Re,104 Ry (31),96

Scheme 7
Cp(OC),Ru—CzW(OCMes)s CpRu(CO),
. . — ¥ + \'éVIE/IOeCMem
P(OC),Ru—C=CMe oo,
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and Mn?% are known, and recently, the first example
of an early transition metal (Hf)'° has been added.
Woodworth et al.2%” reported the unusual structure
M=C—-C=C—-C=M (32) where two robust carbyne
moieties are brigded by an acetylene unit (Scheme
8).

The synthesis of compounds with two different
metals is reported less frequently and requires the
isolation of a monoacetylide complex which can react
further at the remaining acetylene terminal. An
example (33) is shown in Scheme 9.1% The reaction

Schwab et al.
Scheme 8
2
TP(CO)M=mmm=M(CO),Tp'|
Ox.
Tp(CO)M=—=—=M(CO),Tp'
32
M=W, Mo

Tp' = hydridotris(3,5-dimethylpyrazolyl)borate

Scheme 9

? Me,N. @
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MesP~ g cr @
MC3P A

33

mechanisms are discussed in a review article by Beck
et al.®

Bimetallic complexes of butadiyne can be obtained
either through coupling of two organometallic ter-
minal alkynes or through the reaction of an activated
butadiyne with two equivalents of a metal complex.
When the latter reaction is carried out stepwise,
heterobimetallic species become accessible. The met-
als most commonly used are Fe and Re.

Terminal alkyne coupling was used by Gladysz and
his group'® to form binuclear Re complexes 34
(Scheme 10), by Lapinte and his group'® to prepare

Scheme 10
== iéé__w?@
Ph;P-H ) Ph3 \\PPh3

ON

34
1. Cu(OAc),, pyridine

binuclear Fe complexes 35 (Scheme 11), and by Yam

Scheme 11
: H
< 4’@?:?.—_%,#@%—_ = Fe@
O N
PFg 35

i. CH,Cl,, [Fe(Cp),]PFq, -80°C; ii. THF, -BuOK, -80°C.

7/ \
P\/P = thPvPth

and his group!12 who prepared the complex 36
(Scheme 12) whose extended linear O=C—Re—C=C-—
C=C—Re—C=0 unit displayed a rich photophysical
behavior.

Coupling of butadiyne to metal centers was used
by Crescenzi and Lo Sterzo''® to prepare both the
mononuclear Fe complex 37 and the binuclear Fe
complex 38 (Scheme 13) under very mild conditions.
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Scheme 12
co (-Buybpy) (bpy-Buy)
i
(t-Bugbpy)Re—=—SiMe; OC;{l?\e:—:—Ke-CO
oo 0C¢o odto
36
i. 1. KOH, 2. Cu(OAc),, pyridine
Scheme 13
P _ O N
OC(;ée_I+Me3sn =—=-H OC(;,C}?e =-—=—H
37
OCj/ e—I+Me;Sn—=—==—SnMe; L O@}%:—:F\c@
ocC oc \ CcO
38
i. (CH;CN),PdClL,

Complex 37 protected with a trimethylsilyl group was
also obtained by Wong et al.,*** and after desilylation,
it was coupled with Cp(CO),FeCl to obtain 38 or with
Cp(CO)sMCI (M = W, Mo) to synthesize the hetero-
bimetallic counterparts 39 and 40 (Scheme 14). Bruce

Scheme 14
1. BuyNF
2. sec-BuLi OoC
Se—=——=—SMe; ———— I
0oC EY OC”"}:e - C/M\CO
O @ oc O
Gepea
O
M= Mo, W
39,40

and his group®16 obtained the mononuclear (41 and
42) and binuclear (43) Ru complexes by displacement
of the weakly coordinated THF from the cation [Ru-
(THF)(PPh3),Cp]* by the respective alkynyl anions
and dianions (Scheme 15). A mononuclear W(CO)s;Cp

Scheme 15
RuCI(PPhs),(Cp)
lAgPFdTHF
[Ru(THF)(PPh3)»(Cp)]"
|
Li—H
Li———=H
=—Ru(PPh;),(Cp)]"
a1 Li———==11i
=—=—Ru(PPh;)»(Cp)
42
(Cp)(PPh3);Ru—=—=—Ru(PPh3),(Cp)
43

butadiyne complex was oxidatively coupled by the
same group,!’ yielding an octatetrayne-bridged sys-
tem. Werner and co-workers'® reported the synthesis
of a binuclear complex of Rh 44 (Scheme 16). Rods

Chemical Reviews, 1999, Vol. 99, No. 7 1879

Scheme 16
PiPr;
OC=-Rh-OH
iPr3P/
MesSi—=——=—SiMe,
PiPr; _PiPry
OC-Rh—=—=—Rh-CO
iPr;p” iPr;p”
44

with a half-sandwich cap on one end and a purely
u-ligated metal on the other end, such as 45, are also
known (Scheme 17).1*° Terminal acetylene cross-

Scheme 17
Cp*. . i Cp*e
Ret=—L —_— =S
Ph3P'// A 1 Ph3w,5{eH;,Rh(PPh3)2CO
ON ON

45
n=1,2

coupling under Eglinton conditions®® yielded prima-
rily the binuclear Re complex of hexatriyne 46, while
homocoupling produced the octatetrayne analogue 47
(Scheme 18). A similar oxidative coupling??®® of Fe-

Scheme 18
I
— NO
Ph; I\f Cp* / /PPh3
(@) i Re-=—=—=-Re.
— PhsP~"y P
+ ON
Cp* 46
| _
Ph?’P’I}h
ON
Cp* NO
Rlcg i Cp*\R R/ _,/PPhS
PhsP— " — = Phap e=—==—==— == Re.
35/ Cp*
ON oN P
47

1. 1.5 equiv. Cu(OAc),, pyridine

(Cp)(dppe)(C=C—C=CH) yielded the analogous di-
iron complex 48 (Scheme 19), which is thermally

Scheme 19
Q. 1. Q .
oc /}:e—l — oc ,,Fe =—=——SiMe3
¢] CO

48
i. Me3Si-CyLi, THF; ii. 1. hv, dppe, 2. THF, n-BuyNF, 3. Cu(OAc),, pyridine

/ 0\
S = e _ben,
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stable but air sensitive. The oligoyne growth meth-
odology developed by Gladysz and co-workerst?%122
(Scheme 20) so far appears to be unlimited with

Scheme 20
*Cp~. _
Ph}y,.}{eﬁ
ON 1. n-BuLi
J 2. Cul
*Cps
Ph}y,,}{erCu
ON 1. B—=—SiMe;, EtNH,
2. MeOH, K2C03
*C
p\,Re%——Z-———E
Phyp~ /
ON 1. n-BuLi
2. Cul
*Cps
Re—=—==—
Phyp— N Cu
ON Br—=—=—SiMe;3
EtNH,
*Cps .
Re—=———m===
Phap— 5{ SiMes
ON
1.MeOH, KOH -
2. Cu(OAc),, pyridine
NO
*Cpe / _PPhy
Re==— = = = = = — — R
PhyP~ Cp*
oN
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respect to chain length and has been used to synthe-
size dirhenium complexes with chains of 12, 16, and
20 (49) sp-hybridized carbon atoms.

Up to this point, only end groups with single metal
atoms have been discussed. Gladysz!?31?* suggested
that polymetallic end groups might provide ad-
ditional features or enhance existing ones (greater
capacitance, improved coupling and communication
between the termini). The rhenium half-sandwich
species with C,, C4, and C; oligoyne rods described
above were treated with the trilosmium complex [Os;-
(CO)10(NCMe),] under mild conditions to form the
corresponding rhenium—triosmium carbon complexes
[(Cp*)Re(NO)(PPh3)(C=C),0s3(C0O)10H (50) (Scheme
21).

Scheme 21
*CpTR =
Ph}P"‘ / n
oN
J 085(C0) 1((NCMe),
Co
*Cps. f/OEf
Ph}}yw}{e{%;sc\ C1/}1/0s(00)4
S
ON Oy,
(CO)3
Os.
*Cp @ ZTNN
) o — (O
PhBP&.\;{e{ §n= C\JQH/Os(CO)4
(CO);
n=0,1,2
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Schwab et al.

Properties and Uses. The metal derivatives of
oligoynes are generally fairly air stable at room
temperature and quite soluble in polar aprotic or-
ganic solvents. However, the stability of the products
50 with metal clusters at the termini decreases
significantly with increasing chain length, effectively
limiting any practical application of such compounds.

Spectroscopic investigations of the neutral com-
plexes and in some cases their radical ions provide
evidence of strong electronic communication between
the termini, not surprising for a fully conjugated
chain. A detailed review of the electronic interactions
in organometallic ethyne-bridged dimers has ap-
peared recently.?® An interesting comparison of the
oxidation potentials for the two metal atoms has been
made on the binuclear Re complexes of Gladysz and
collaborators.??? As the rod grows longer, the poten-
tials approach each other until they merge at Cy,
indicating an effectively independent behavior of the
two rhenium centers. The group of Bruce has shown
that the diruthenium butadiynyl complexes 43 un-
dergo four stepwise one-electron oxidation—reduction
processes, where only the last one is irreversible. The
mixed-valence cations [Ru(l1)/Ru(l11) and Ru(l11)/Ru-
(IV)] are thermodynamically stable and can be iso-
lated.'?¢

B. Oligomers of Cage Modules
1. Staffanes

Among the monomers listed in Tables 1 and 2,
bicyclo[1.1.1]pentane ([1]2)'?7 is unique in that this
module is also stable and readily available even in
the absence of any terminal substituents, in the form
of [1.1.1]propellane (2).128130 In this species, the two
terminal dangling bonds do not dangle but instead
mutually saturate through space and form a bond
that has approximately the strength of the & bond
in ethylene.1?813L132 Despite its forbidding-looking
structure, [1.1.1]propellane (2) is easily synthesized
in the laboratory on a large scale from commercially
available starting materials and is reasonably stable
in solution. It can be stored indefinitely in the form
of its iodine adduct, 1,3-diiodobicyclo[1.1.1]pentane,
from which it is liberated as needed by treatment
with NaCN.1% Its oligomers, [n]staffanes ([n]2), are
named for their characteristic shape, reminiscent of
the staffs carried by medieval dignitaries, and their
chemistry has been reviewed.3*

Synthesis. The known [n]staffanes ([n]2) are all
ultimately derived from [1.1.1]propellane (2).135-138
This starting material can be oligomerized and the
oligomer mixture separated or it can be inserted one
cage at a time into a terminal C—1 bond to yield short
rods, and these can be coupled at the terminal
positions to double the rod length. Selective terminus-
to-terminus cross-coupling of [n]staffanes of different
lengths has not been described.

The first observation of [n]staffane formation by
telomerization of 2 was reported by Wiberg et al. in
1986.1%° Subsequent work by his group and those of
Szeimies and Michl showed that reagent and reaction
conditions can be selected to direct the radical-
induced insertion of 2 into a variety of single bonds
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either toward the formation of substituted bicyclo-
[1.1.1]pentanes’®® or toward the production of a
mixture of [n]staffane oligomers®137:140.141 (Scheme
22). Although the lower oligomers are isolated fairly

Scheme 22

RO ), o O
e+l B . sl

R.R'-[n+1]2

easily and some [2]staffanes, such as 3,3'-bis(acetyl-
thio)[2]staffane, are thus accessible in high yields,3”
the yields of higher individual oligomers are mod-
est.136137 Nevertheless, terminal dithiols and dicar-
boxylic acids have been fully characterized up to
n = 5,137 as have doubly terminal methyl sulfides up
ton =411

Light-induced insertion of [1.1.1]propellane (2) into
a C—I bond is particularly facile (Scheme 23),137:142

Scheme 23
n @ HSnR,

RI
— R—<>—I R{< >—}1 R R
n+l R'X pal

2 R,R'-[n+1]2

and a bicyclo[1.1.1]pentane unit and sometimes a
longer [n]staffane chain can be grown on an iodinated
site on a bicyclo[1.1.1]pentane (or another molecular
module, see sections 111.D.3 and 111.D.4.a). The
terminal C—1 bonds in staffyl iodides tend to be
stronger than most others, and solubility decreases
with increasing rod length. As a result, it is often
possible to stop the insertion after only one cage has
been added. Thus, photoinsertion of 2 into 1,3-di-
iodobicyclo[1.1.1]pentane in pentane solution yields
3,3'-diiodo[2]staffane in high yield, and this provides
easy access to [2]staffane-3,3'-dicarboxylic acid, while
higher staffanes are not formed. A general method
for the preparation of differentially terminally sub-
stituted [n]staffanes ([n]2) proceeds via 3-iodo-3M-
phenyl[n]staffanes, obtained from iodobenzene and
2.137 A number of specific methods have been devel-
oped for preparation of oligomers with a desired
substitution pattern.®>-1%® Rod length doubling by
symmetric end-to-end coupling (Scheme 24) has been

Scheme 24
1. BuLi
Rf@ﬁx R R
! 2. CuCl/PhNO, "
X =Br,I Ro-[2n]2
n=1,2

described by Michl's group.13

Properties and Uses. Despite their high strain
content, the parent [n]staffanes ([n]2) are stable
up to ~300 °C and most derivatives are stable well
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above 200 °C.'®” Many form liquid crystals upon
melting.187:138.144-146 The [n]staffane skeleton resists
acids, bases, strong oxidants, and reductants (forceful
reduction of hexafluorinated bicyclo[1.1.1]pentane
breaks the cage!*’). Radical abstraction of hydrogens
is very difficult (chlorination#814° and fluorination#’
are possible). Certain synthetic manipulations must
be avoided, however, since the bicyclo[1.1.1]pentane
cage rearranges readily upon introduction of cationic
character into the bridgehead position.361%0 Bridge-
head iodides solvolyze very readily and need to be
handled with care. Hydrogens in these positions are
about as acidic as those in ethene!** and cannot be
selectively removed by base.

The solubility of unsubstituted [n]staffanes ([n]2)
decreases rapidly as their length increases, and some
guantitative information has been reported.'®” Schltt-
er's group has shown that the introduction of even
one alkyl substituent on the bridge per cage increases
the solubility dramatically, and the high polymer is
then soluble.®%?

The vibrations of [n]staffanes ([Nn]2) have been
examined in considerable detail.?”:13* Their photo-
electron spectra reveal a gradual decrease of the first
ionization potential with increasing n, with conver-
gence to a value of 8.5 eV, surprisingly low for a
saturated hydrocarbon.'®” They do not absorb sig-
nificantly above 200 nm.

For fully saturated species, the [n]staffanes ([n]2)
offer surprisingly good communication between the
termini,'®® as revealed in long-range NMR37 and
EPR%2 coupling constants and in photoelectron spec-
tra of terminally disubstituted derivatives.'>® The
interactions propagate both through bonds and
through space, via backlobe-to-backlobe bridgehead-
bridgehead transannular overlap.t%?

Terminally substituted [n]staffanes have been
assembled into Langmuir—Blodgett films'>* and also
into self-assembled monolayers on gold.*®® A staffane
rod has also found use as a molecular rack for holding
an otherwise flexible oligosilane chain stretched in
an all-anti conformation for spectroscopic studies.5¢
Staffane rods were used as components of a square
grid holding molecular propellers in a computer
simulation of their rotational behavior in a stream
of helium atoms.*%”

2. Bicyclo[2.2.2]octane

Among the monomers of Tables 1 and 2, the long-
known?%8 bicyclo[2.2.2]octane ([1]3) comes the closest
to bicyclo[1.1.1]pentane ([1]2) with regard to stability
of the terminal substituent-free module, [2.2.2]pro-
pellane (3), in which the two terminal free valences
are mutually saturated. Although the parent has
never been characterized, a simple derivative has
been known for decades.'® It is relatively unstable
(the cage opens with a half-life of 28 min at 25 °C)
and difficult to prepare and has been of no signifi-
cance in the synthesis of oligomeric bicyclo[2.2.2]-
octanes ([n]3). As a result, these are much less
readily accessible than the analogous [n]staffanes
([n]2). This can change overnight if an efficient
synthetic route to [2.2.2]propellane is discovered.

Synthesis. The only published route to the oligo-
mers of bicyclo[2.2.2]octane ([N]3) is the bridgehead-
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to-bridgehead coupling of prefabricated terminally
substituted modules. Up to four monomer units were
linked by Zimmerman et al. in moderate yields
(Scheme 25)7:16% using reductive coupling of bridge-

Scheme 25

Mg/NiCl,
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head iodinated bicyclo[2.2.2]octanes. An alternative
route by electrolytic decarboxylative coupling of car-
boxylate salts (Kolbe reaction) proposed by Voégtle
and co-workers gives much lower yields.*6* Additional
efforts will be required before these rods become
generally accessible.

Properties and Uses. Oligo(bicyclo[2.2.2]octane)s
([n]3) contain little strain and have outstanding
thermal stability (the tetramer 4,4""-diol melts above
525 °C!9), The oligomers [n]3 are much better
insulators of electronic effects than staffanes ([n]2)
because the o bonds in the bicyclo[2.2.2]octane cage
are less strained and the distance between the
bridgeheads is much larger than that in the bicyclo-
[1.1.1]pentane cage, preventing significant trans-
annular interactions.®

3. Cubane

Cubane ([1]4) was first synthesized by Eaton and
Cole,'%2 and its chemistry has since been elaborated
extensively, primarily in Eaton’s laboratory.163.164

The formal monomeric module of the oligocubyl
series, free of terminal substituents, is 1,4-cu-
banediyl. It is a highly reactive biradical that has
been observed directly only in matrix isolation (argon,
12 K) by the group of Michl.'6> The spectroscopic
evidence in the matrix and ab initio calculations
performed by them'®> and Borden and Hrovat'®®
suggest that this very reactive intermediate is a
singlet ground-state biradical with the singlet a little
over 10 kcal/mol below the triplet, in agreement with
the lack of reactivity toward Diels—Alder dienes.16”
The mutual saturation of the terminal free valences
is thus fairly minimal; it takes place by through-bond
rather than through-space interactions, differently
than in [1.1.1]propellane (2) and [2.2.2]propellane (3).
Free 1,4-cubanediyl is generated in the reaction of
1,4-diiodocubane with t-BuLi at low temperatures,
as demonstrated by Eaton and his group”:168 using
isotopic labeling, and is thus quite readily available,
although it cannot be stored.

Synthesis. Oligocubyls ([n]4) have been prepared
by nucleophilic addition of lithium compounds to 1,4-
cubanediyl64165169 (Scheme 26). Cubane-1,4-dicar-
boxylic acid is synthesized industrially on a large
scale and represents the usual synthetic entry point.
Its conversion to 1,4-diiodocubane (51), a direct
precursor of 1,4-cubanediyl (52), was achieved by
treatment with 1,/Phl(OAc),.163

Alkyllithium reagents do not react as easily with
1,4-cubanediyl as the corresponding aryl compounds
(see section 111.D.4.b), and Grignard reagents had to
be utilized to obtain alkylated oligocubyls from 1,4-
diiodocubane and RLi (R = alkyl) (Scheme 27).154 The
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resulting Grignard products [n]53 are capable of
reacting further, allowing for a wide variety of
substitution patterns.

Properties and Uses. Cubane ([1]4), though highly
strained, is kinetically surprisingly stable, surviving
temperatures up to 200 °C. Its chemistry has been
investigated thoroughly, and methods for systematic
substitution of its skeleton have been developed.163164
As with most other linear rigid-rod molecules, low
solubilities hinder the synthesis of longer oligomers.
Unsubstituted oligocubyls containing more than two
cubane units are quite insoluble in common organic
solvents. However, when alkyl substituents are
present in positions 2 and 7 of each cubane unit, the
solubility increases sufficiently for polymers with up
to 40 cubane units to be obtained.64

The X-ray single-crystal structure of the 4-bromo-
substituted cubyl dimer reveals that all endocyclic
CCC valence angles are within 1° of 90° and that the
central CC bonds are perfectly staggered.16®

4. Carboranes

Deltahedral closo-boranes represent a little-known
large class of rigid cage structures. Many possess
axially directed terminal bonds and are suitable for
use as elementary modules. The parent species,
BnHn?", carry a double negative charge in their stable
oxidation state, but if some of the boron atoms are
replaced by heteroatoms, singly charged (e.g.,
CBi:H117) or uncharged (e.g., C,BigH12 or NB11H1»)
cages are formed. So far, only the neutral dicarbabo-
ranes (C,Bn-2H,) have been used as modular com-
ponents for rigid-rod construction, and Hawthorne
has proposed that they be called carborods.'™® The
10-vertex carboranes (C;BsHj0) and 12-vertex car-
boranes (C,B10H12) are the only ones that have been
used to date, but the smaller 6-vertex C,B4Hg'"*2 and
5-vertex C,BsHs!"*° carboranes are known as well and
would offer a wider variation of length increments.
At least two positional isomers of each cluster are
possible, but the para-isomers have attracted the
most attention for the development of rigid rods.
There is no reason the negatively charged closo-
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carboranes, e.g., CB11Hi>~ or BioH1,%7,17 could not
be used as well, and charged rods may offer their own
set of advantages, such as enhanced solubilities. A
common disadvantage of all the carborane modules
is their relatively high cost.

The formal modules devoid of terminal substituents
are only known in the dianion form of p-carboranes,
such as “CB1oH;0C~, obtained readily by deprotona-
tion of both terminal CH groups with strong base.
Their neutral analogues such as *CB;oH0C* are not
known. Through-space separation of the termini is
too large for bonding, and the degree of interaction
through bonds of the cage is unknown but undoubt-
edly insufficient for effective stabilization of the
parent modules.

Synthesis. Oxidative coupling of deprotonated par-
ent p-carboranes to a mixture of oligomers followed
by separation and oxidative dimerization of singly
terminally protected p-carborane monoanions have
both been used to produce oligomeric p-carboranes.
Zakharkin and co-workers were the first to produce
the underivatized dimers®® of p-C,B1oH12 and p-C,-
BsH10. More recently, the groups of Hawthorne'”® and
Michl*”? independently developed syntheses of oligo-
meric 12-vertex carboranes ([n]6, Schemes 28 and
29), and the latter group also synthesized oligomeric
10-vertex carboranes ([n]5, C.BgHi0, Scheme 30).
Oligomers containing up to four carborane cages have
been obtained,’%12 with lengths of up to 17 A.17° The
acidity of the terminal CH groups permitted subse-
guent functionalization with groups such as halogen
and carboxyl (Scheme 29).172
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Properties and Uses. The anticipated usefulness of
carborods for incorporation in nanostructures is
based on their thermal stability (the parent 12-vertex
p-carborane can be heated to 700 °C without decom-
position), general chemical inertness including re-
sistance to oxidation and reduction, UV transparency,
acidity of the terminal CH groups, and the specific
reactivity of the B—H vertices.

Since the longer parent oligomers of the neutral
carboranes are poorly soluble, modifications on the
cages appear to be necessary in order to increase the
rod length significantly. One attractive possibility is
offered by Hawthorne’s group’s discovery!’3 of per-
alkylation of the neutral carboranes with methyl
triflate and triflic acid and Michl's group’s discov-
ery'™ of peralkylation of carborane anions with

‘1. BuLi
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methyl triflate and base. Another is the use of two
or more different modules, which seems to improve
solubility significantly (see section I11.D).

The availability of terminal substitution, e.g., with
—COOH, allows the attachment of the carborods to
other molecules in order to produce larger structures
(cf. Scheme 29). The iodinated acid, I-p-C2B10H10-p-
C2B1oH10—COOH (54), assembles into Langmuir—
Blodgett films.'’? Hawthorne and his group have
synthesized a number of host-molecule mercury-
linked carborane macrocycles, such as [9]-mercura-
carborand-3 (55).17°

C. Oligomers of Planar Modules

1. Benzene

Along with ethyne, p-phenylene represents the
oldest and cheapest monomer for the construction of
rigid rods. Unlike the modules discussed so far, it
only has a 2-fold symmetry axis along the rod
direction and is strongly anisotropic, both in shape
and in other properties. The parent module devoid
of terminal substituents, p-benzyne, has been ob-
served indirectly’’® and more recently in matrix
isolation by the group of Sander.'’”178 The through-
bond interaction of its two free-valence centers is
relatively weak!™ but it is expected to be less reactive
than the free phenyl radical, say in hydrogen ab-
straction reactions,® as is known for 9,10-bisdehy-
droanthracene (section 111.C.2.b). Nevertheless, p-
benzyne is still much too reactive to be of synthetic
utility as a precursor for oligophenyl oligomers. At

Scheme 31
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elevated temperatures, its ring opens to yield cis-
hexenediyne (cf. the Bergman rearrangement).181.182
p-Oligophenylenes are, however, readily accessible by
coupling reactions.

Synthesis. Earlier methods of synthesis of p-oli-
gophenylenes ([N]7, Scheme 31)'83 include reductive
coupling of 4-iodophenylarenes with copper8+18 or
silver'8® powder, oxidative coupling of unsubstituted
arenes with AICIl; in nitrobenzene,®” addition of
4-arylphenyllithium to quinone!®® or 1,4-cyclohex-
anedione!® with subsequent dehydration and oxida-
tion, oxidative coupling of 4-arylphenyllithium re-
agents with CuCl,!® and Diels—Alder addition of
dimethyl acetylenedicarboxylate to 1,4-diphenylbu-
tadiene with subsequent hydrolysis, decarboxylation,
and oxidation.'®* Recently, an Ullmann-like reductive
coupling of 1,4-diiodo-2,3,5,6-tetrafluorobenzene has
been used to prepare a series of oligo(tetrafluoro-
phenylene)s [2]56—[6]56.1% Reductive elimination of

F F

F F

R,R'=H,1
n—2-5

[#)56

biphenyl has been reported for polyphenyl derivatives
of many nonmetals (Scheme 32).1% All these reactions

Scheme 32

Telate

M=Br,18,S§,80, Se, P, Sb, As

RR + M@—R)m

Ry-[217

are potentially applicable to the synthesis of the rods
[n]7. Statistical reductive coupling of p-dihaloben-
zenes on palladium?®® or nickel**® catalysts yields
mixtures of oligomers (Scheme 33).

Scheme 33
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Presently, the most versatile step-by-step approach
to p-oligophenylenes includes a palladium-catalyzed
unsymmetrical coupling of arylboronic acids with aryl
bromides or aryl iodides (Suzuki coupling, Scheme
34).80.87.196-200 sing this reaction and an iterative

Ni cat., PPh,

Scheme 34
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approach to the coupling of oligomers, Schluter’s
group was able to synthesize individual oligomers up



Molecular Rods. 1. Simple Axial Rods

to n = 16 with lengths of up to ~68 A in excellent
yields.?” The same reaction was used by Galda and
Rehahn to prepare a series of oligomers up to n =
15.200 A series of biphenyls was proposed for use as
a construction kit for substituted oligophenylenes.?0t
Recently, Matile?*?~2% and his group succeeded in the
synthesis of a series of p-oligophenylenes with up to
8 modules substituted with branched aliphatic diol
groups along the chain and of amphiphilic p-oli-
gophenylenes with various terminal substituents
consisting of up to 10 modules and with lengths of
up to 44 A by applying the Giroux—Suzuki?® coupling
method (e.g., 57). p-Oligophenylene rods with siloxy

moooiﬁ

RO
R=H, Et

57

end groups were reported by Corriu?®” as molecular
precursors for the synthesis of monophasic organic—
inorganic hybrid materials by polycondensation.

A mixture of oligofluorene rods ([Nn]58) with an
average of 10 units per oligomer was synthesized by
an oxidative coupling of alkyl-substituted fluorenes
with FeCl; by Fukuda et al.?®® and by Yamamoto
coupling by Klaerner and Miller?®® (Scheme 35), but

Scheme 35

R,R'-[#]58
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S

they were not separated.

Oligo(tetrahydropyrene)s ([n]59) were obtained
from 2-bromo- and 2,7-dibromo-4,9-dialkyl-4,5,9,10-
tetrahydropyrene (60 and 61) in the group of Millen?©
using statistical reductive coupling on a nickel(0)
reagent (Yamamoto coupling, Scheme 36), and indi-

R_R'
R_R Ni cat.
/
Br + . Br
Dad)

Scheme 36

vidual oligomers up to n = 12 were separated by size-
exclusion chromatography.

Substituents can be attached not only to the four
free positions of each benzene ring, but also to the &
face. Thus, long p-oligophenylene chains up to the
hexamer 62 decorated with ruthenium Cp* groups
were synthesized by Fagan et al.?*' (Scheme 37).
Harre et al.?'? showed that Suzuki coupling condi-
tions can be applied to the reaction of ruthenium-
complexed aryl halides with aromatic boronic acids
without decomposition of the organometallic moiety
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Scheme 37
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and obtained the p-terphenyl 63 with a RuCp* group
located on the central ring.

Properties and Uses. p-Oligophenylenes ([n]7) are
among the most thermally stable rods in the molec-
ular kit, and the high molecular weight polymers
were reported to be stable up to 800 or 900 °C.?3
Unsubstituted oligomers [n]7 with more than five
units melt above 300 °C.

The planes of the rings of adjacent phenylene
moieties in p-oligophenylenes ([n]7) form an angle
of 20—40° because of the steric repulsion between the
ortho hydrogens.?14~217 Substitution of the rings leads
to an increase in the twist angles. This twist reduces
m-orbital delocalization between the aromatic rings.
Even a single benzene ring twisted out of conjugation
may work as an insulator between two conducting
parts of a molecular rod.?'8 The twisted geometry and
the reduced conjugation also enhance the flexibility
of the backbone. The repulsion, however, is not strong
enough to prevent rapid rotation around the single
bond between the units, and an average planar
structure of the parent oligomers [n]7 at room
temperature in crystals, as confirmed by crystal-
lographic studies, is the result.?!® The twist angle is
a sensitive function of substitution and molecular
environment.??® Planarization may be achieved by
introduction of suitable ring-forming substituents.
For example, in oligofluorenes ([n]58)%°° every other
intermodule junction is planar (the related ladder
oligomers are treated in Part 2'°. The degree of
conjugation in the variously planarized oligophen-
ylenes is reflected in their photophysical properties.
The inter-ring torsion angles in oligo(tetrahydro-
pyrene)s ([n]59) are comparable to those in the
parent oligophenylenes,??* and thus, the conjugation
through the backbone is not very efficient. The
maximum of the first absorption band converges to
about 385 nm as the length of the oligomer in-
creases.?!® The effective conjugation length is esti-
mated to be approximately 10 units or 20 benzene
rings.???> In the partially planarized oligofluorenes,
the convergence limit is ~380 nm. Like the corre-
sponding polymers,??® they are extremely efficient
fluorophores in solution with Anax of emission con-
verged for oligomers with more than six units.?®®
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Analysis of the absorption spectra of [n]59 revealed
an effective conjugation length of approximately 12
units or a total of 24 aromatic rings.2°°

The solubility of the unsubstituted oligomers rap-
idly decreases with the degree of oligomerization.
p-Sexiphenyl ([6]7) has a solubility less than 10 mg/
L™t in toluene.’® One central 2,5-dihexylphenylene
unit makes the corresponding heptamer soluble, but
a larger number of long alkyl side chains is required
for longer oligomers.37:290

Depending on their length and substitution pat-
tern, Matile’s oligophenylene rods, such as 57, self-
assemble as hydrophobic guests in lipid bilayers and
form non-peptide proton channels or short-lived
nanopores.??4225 Their use as synthetic cell-surface
receptors is under investigation.?2¢

The p-oligophenylenes complexed to RuCp* groups
are crystalline, air-stable solids with very high melt-
ing points. The Cp* complexed p-terphenyl derivative
63 is very soluble in common organic solvents. In its
crystal, two adjacent phenyl rings are nearly coplanar
while the third is twisted by about 40°, most likely
because of interactions with the methyl groups on the
Cp ring. The tetramer and hexamer 62 are very
soluble in nitromethane. In the tetramer, the central
phenyl rings are coplanar and the ones on the ends
are twisted by about 28°.21!

Mdullen’s group??” has accomplished the synthesis
of hexa-p-quaterphenylylbenzene 64, a large star-
shaped molecule, by Pd-mediated [2+2+2] cyclization
of the corresponding acetylene precursors. This is of

R = C(CH3),C14H39

interest as a potential material for light-emitting
diodes.

Lewis and Strongin®?® reported the synthesis of
resorcinarenes 65 with four terphenyl substituents
in the lower cavity. These molecules, if extended,
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could be used as rod bundles, thus increasing me-
chanical stiffness, especially if the individual rod
components could be further connected laterally.

2. Other Arenes

Many polynuclear aromatic hydrocarbons may be
used in place of benzene as modules for molecular
rods, and much of what has been said about benzene
applies to them as well.

a. Naphthalene. Much attention has been paid to
1,1'-binaphthyls in other contexts, but this work is
not covered here. It has been comprehensively re-
viewed recently.??®

Synthesis. Mullen and co-workers have pre-
pared a series of soluble oligo(1,4-naphthylene)s
([218—[618) by Suzuki coupling of appropriate bro-
monaphthalene and naphthaleneboronic acid precur-
sors (Scheme 38).230-232 An alternative route to the
ter- and quaternaphthols [3]66 and [4]66 has been
described by Bélohradsky et al.?3® The reaction of the
dibromide 67 with the 2-naphthoxide ion 68 proceeds
under mild conditions and yields all possible isomers
of [3]66 and [4]66 in yields up to 53% for [3]66 and
11% for [4]66. The proposed mechanism for the
formation of the ternaphthol [3]66 involves nucleo-
philic substitution of bromines in the reactive keto
isomer of 67 by the naphthoxide ion (Scheme 39).
Electron transfer and concomitant loss of a bromide
anion or bromine—halogen exchange are believed to
compete with the former reaction and lead to the
guaternaphthol [4]66.

Properties and Uses. Rotation around the bonds
connecting 1,4-naphthylene units in a homo-oligomer
is hindered in the uncharged ground state, and the
oligomers [3]8—[6]8 form as a mixture of nonplanar
diastereomers.?3° Presumably because of the limited
conjugation, the first oxidation potential in [N]8 is
essentially independent of the chain length.?3? How-
ever, a single-electron oxidation or reduction causes
some flattening of the & system and thus a stronger
interaction between the units.?3* The spin density in
the radical anion of [n]8 is delocalized over the entire
7 system.?32 This is not in contradiction with a very
minor effect of the chain length on the redox poten-
tials, since the delocalization on the EPR time scale
need not be associated with significant energetic
effects.

b. Anthracene. The formal monomer, 9,10-bisde-
hydroanthracene, has been generated in solution and
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found to be remarkably unreactive in hydrogen
abstraction reactions. This has been attributed to
singlet coupling on the two radical centers.?®®> Much
work has been done on 9,9'-bianthryl, chiefly on its
photophysical properties,>*® but we shall deal with
the higher oligomers only.

Synthesis. Oligo(9,9'-anthrylene)s ([n]9) with up to
seven monomer units have been synthesized by
Mullen’s group by addition of 9-lithioanthracene
precursors to substituted anthraquinones or bian-
thrylidenones (69) and subsequent treatment with
hydrogen iodide and hypophosphorous acid in glacial
acetic acid (Scheme 40).2%7

Scheme 40

69 R.R'R"-[2n+m}9

Properties and Uses. In [n]9, the rotation of the
units is hindered even more strongly than in oligo-
(1,4-naphthylene)s ([Nn]8).23* X-ray diffraction values
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for the dihedral angles between the central and
terminal anthracene units in teranthracenes vary
between 74.5° and 82.7°.%%” This leads to an extremely
weak electronic coupling between units in ground,
excited, oxidized, and reduced states.?®** Thus, the
rods based on 9 can be charged with one and even
two electrons per anthracene unit upon subsequent
one-electron reductions.?®® The tetraanion of the
tetraanthrylene [4]9 has a quintet ground state.?°
When irradiated in solution, oligoanthrylenes un-
dergo transitions into a charge-transfer or an exci-
tonic state, depending on their substitution pattern
and the polarity of the solvent.?4°

c. Pyrene. Synthesis. p-Bipyrenyls ([2]10) and
p-terpyrenyls [3]10 have been prepared in Mullen’s
group using the Yamamoto coupling of 2-bromo- and
2,7-dibromopyrene precursors (70 and 71, Scheme
41)'241

Properties and Uses. Two alkyl substituents per
monomer unit are required to make the p-oligo-
pyrenes ([n]10) soluble.?** The pyrenyl units are
electronically very poorly coupled because the HOMO
and LUMO coefficients at the bridgehead centers
vanish. The interaction between the pyrenyl units is
so weak that stepwise reduction of the oligomers
[N]10 increases not only the negative charge but also
the spin multiplicity of the ground states.?*! Despite
the greatly decreased steric problems, interactions
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Scheme 41
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between the frontier orbitals of the pyrene units are
even smaller than those between the frontier orbitals
in oligoanthrylenes ([n]9).2*°

d. Arenedicarboximides. The arene modules
described so far had their termini at opposed ring
atoms. It is also possible to use them rotated such
that the axial positions correspond to midpoints of
ring edges, but it is then necessary to fuse an odd-
membered ring to the edge in order to provide an
axial bond. Five-membered rings are optimal in
providing stability as well as rigidity. In a similar
fashion, a six-membered ring can be peri-fused to the
two six-membered rings of naphthalene to provide a
central axial bond. Favorite rings used for this
purpose have been those containing dicarboximide
groups. Benzene-1,2:4,5-bis(dicarboximide) ([1]72),
anthracene-2,3:6,7-bis(dicarboximide) ([1]73), naph-
thalene-1,8:4,5-bis(dicarboximide) ([1]74), and per-
ylene-3,4:9,10-bis(dicarboximide) ([1]75) have been
employed to date for the construction of axial rods
(Schemes 42 and 43).

Synthesis. Tandem Diels—Alder aromatization re-
action was applied by Morris et al.?*? for the prepara-
tion of N,N'-diphenylanthracene-2,3:6,7-bis(dicarbox-
imide) ([1]73, Scheme 42a). The linear oligomers are
obtained from the corresponding bis(dicarboxanhy-
dride)s upon condensation either with hydrazine
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hydrate or hydrazinium salts to form homo-oligo-
mers, with the bis(dicarboximide) units directly
linked through an N—N bond. Oligomers of naph-
thalene-1,8:4,5-bis(dicarboximide) ([n]74, Scheme 42b)
were also reported. Langhals and Jona?*® have
achieved the synthesis of bi- and trichromophoric
perylene rods [2]75 and [3]75 utilized as dyes by
condensation of perylene anhydride imides 76 with
amino imides 77 (Scheme 43).

Properties and Uses. The oligo[bis(dicarboximide)]s
are extremely stable chemically, thermally, and pho-
tochemically.?*+2%> They are usually moderately soluble
in common organic solvents. They are strongly fluo-
rescent in solution and have very high extinction
coefficients. Chromophore—chromophore interactions
in di- and tri[perylene-3,4:9,10-bis(dicarboximide)]s
([2]175 and [3]75) increase the extinction coefficient
per monomer unit compared to that of the monomer
[1]75.2® Rotation around the single bonds is possible,
but the rods cannot fold. Electrochemical studies
showed that the naphthalenediimide group can be
reduced to form anion radicals and dianions which
are stable in oxygen-free solution.?*®

3. Pyridine

Although the replacement of a CH group in an
aromatic ring by an aza nitrogen (or a C atom by an
azonia nitrogen, >N*=) could be viewed as a par-
ticular kind of substitution and oligomers of pyridine
and other azabenzenes could be lumped with oli-
gophenylenes, their importance is such that we place
them in a separate section.

The reason molecular rods consisting of pyridine
and other azabenzene units have attracted large
interest is mainly their coordinating ability to metal
centers but also their easy conversion to salts with
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the accompanying solubility and facilitated reduction
compared to oligophenylenes. There are two ways in
which pyridine can be used as an axial module:
either through positions 2 and 5 or through positions
1 and 4. The latter, which necessarily forms positively
charged azonia centers, is well known from work on
polymers,?*” but we have not found any information
on well-defined longer homo-oligomers. Only the
dimer is known.?*® Turning to the 2,5-coupling mode,
we note that mono-, bi-, and tridentate ligating sites
can be created, depending on the relative position of
the azabenzene units in the rod. Such chelating
ligands separated by various modules have seen
much utility as linear spacers used to hold complexed
metal centers at distinct distances. Presently, how-
ever, these molecules are classified according to the
rod structure and not according to the nature of the
chelating termini.

The Creutz—Taube ion?* (78) has evoked large
interest in the study of the electronic interaction of
two or more metal centers through a pyrazine bridg-
ing ligand. Systems with rigid and coplanar conju-

5+

7\ 7\
(NHs)sRu-N_N-Ru(NHy)s N/:\N
78 79
N 7/ N /7 N 7/
N\ / — \ / — \ / __
80 81 82

\//_

(NH3)5Ru—NC\>—@N—Ru(NH3)5

83 84

85

gated backbones have displayed the strongest metal—
metal interactions. The simplest such systems are

2175

R = CH(C,;Hay+1)2
n=4,6,7,89

pyrazine (79) and 4,4'-bipyridyl (80) where the co-
planarity of the aromatic rings can be affected by
introduction of substituents in the 3 and 3' posi-
tions,?®® as in 3,3'-dimethyl-4,4'-bipyridyl (81) and
compounds 82 and 83. Various metal complexes, for
example, those of Ru (78 and 84), have been reported
and used for electron-transfer studies. Placing pyridyl
substituents at the terminal pyridine rings in the rod,
the tridentate ligand o-terpyridyl (85) can be con-
structed. This provides an opportunity to connect
complexed metal ions linearly along the rod axis.

Synthesis. Lehn’s group synthesized a variety of
oligopyridines for use in supramolecular assem-
blies.?517253 The quaterpyridine 86 was obtained in
four steps from 2,5-dibromopyridine (87) and 2-bromo-
6-methylpyridine (88), using the Stille reaction in the
last step (Scheme 44).2%* The corresponding hexa-

Scheme 44
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i. 1. BuLi, 2. SnMesCl; ii. 1. n-BuLi, 2.CuCly, 3. Oy; iii. [Pd(PPh3)4]

pyridyl 89 was also prepared. A rigidized quater-
pyridine 90 was reported in which the two central
pyridine units are bridged by an ethylene group.?®

The shortest member of the group of terpyridyl-
terminated doubly functionalized rods is 2,3,4,5-
tetrapyridylpyrazine (91), synthesized by Goodwin
and Lions.?®® The closely related fully planar tetra-
pyrido[2,3-a:3',2'-c:2",3"-h:3"",2""-j]phenazine (92) has
been known for a considerable time as well.?57.2%8
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Constable and Ward?*® have prepared 6',6"-bis(2-
pyridyl)-2,2":4',4":2" 2""-quaterpyridine (93), effec-
tively connecting two 4'-chloro-2,2":6',2"-terpyridyl
molecules (94) back-to-back in a Ni(0)-promoted
coupling reaction (Scheme 45).

Scheme 45

i. PCls, POCl; ii. 1. [Ni(PPh3)>Cl,], Zn, PPh;, DMF; 2. NaCN

Properties and Uses. The compounds are all ther-
mally and chemically very stable. The melting points
are often above 250 °C. The solubility in nonpolar
solvents is low but can be enhanced by methyl groups
at the terminal pyridine rings. Complexation to
metals has a solubilizing effect, and the protonated
forms dissolve readily in aqueous media.

The most interesting and extensively investigated
feature of oligopyridines is their ability to complex
various metals at their monodentate, bidentate, and
tridentate binding sites. From an electronic view-
point, the bidentate 2,2'-bipyridyl unit is best suited
for metal binding in an octahedral coordination, and
its metal complexes show a strong and long-lived
luminescence.?’® The ligand-field strength of the
o-terpyridyl-based units is significantly weaker, and
luminescence of their metal complexes can only be
observed at very low temperatures.?%° However, since
the o-terpyridyl ligand complexes the metal at the
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rod axis, it excludes any stereoisomerism that is
present in 2,2'-bipyridyl-based rods.

The spontaneous complexation of oligopyridine
ligands to transition metals such as copper was used
to assemble distorted grid complexes, for example 95,
that contain a hole with a defined size for the
trapping of guest molecules.?8* The longer bipyridyl

rods 89 have been utilized to assemble ladder-type
structures.?%?

Stang and his group used 4,4'-bipyridyl as a
construction element in the preparation of a large
number of metallacyclic polygons and polyhedra, and
this work has been recently reviewed.*

4. Porphyrin

Exocyclic bonds in opposite meso positions are
collinear and well suited for use in modular rod
construction. Many examples of porphyrins connected
by various linear spacers are known and treated in
the chapters of the respective co-oligomers. However,
examples of porphyrin units directly linked to form
linear arrays [n]14 have only been recently reported.
They are of interest particularly as biomimetic
systems but could also lead to the development of new
photonic materials and molecular devices.?63:264

Synthesis. Several methods for the preparation of
directly meso—meso-linked porphyrin arrays have
been reported. Zinc(ll) porphyrins can be oxidatively
coupled using Ag(l) salts. The reaction is accelerated
in the presence of I,. Osuka and Shimidzu?%® thus
obtained the dimer [2]96, trimer [3]96, and tetramer
[4]196 of zinc(ll) 5,15-di(3,5-di-tert-butylphenyl)por-
phyrin (97, Schemes 46a and 46b). The composition
of the product mixture is a function of both reaction
time and amount of silver salt added. The dimer
[2]96 was exclusively formed in high yield from a
monomeric porphyrin with only a single meso-posi-
tion available for coupling.?®® Such dimers were
prepared with Cl and Br substituents in the 15 and
15' positions that might be usable for further coupling
with other modules (Scheme 47).

Electrochemical oxidative coupling yielded various
oligomer mixtures in a one-step procedure through
extended electrolysis.?®” The longest array formed
was the octamer [8]96, obtained in an extremely low
yield. The method was successfully applied to sys-
tems with differently substituted aryl groups, ex-
tending the scope beyond that of the silver salt
method (Scheme 48).

The directly meso—meso-linked free-base trimer
[3]98 was also synthesized by Susumu et al.,?®® using
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acid-catalyzed [2+2]-condensation between free-base
meso-formylporphyrin 99 and meso-(3,5-di-tert-bu-
tylphenyl)dipyrrylmethane (100) (Scheme 49). How-
ever, the isolated yields were very low. An alternate
route to meso—meso-coupled dimers was reported by
the group of Smith.?6° 1,1,2 2-Tetra(2-pyrrolyl)ethene
(101) was tetraformylated and cyclized with a dihy-
drodipyrrin to yield the porphyrin dimer [2]102 with
free positions 15 and 15" after oxidation (Scheme 50).
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Scheme 48

[8]96 (n=6)

n=0,1,2,3,4,5,6

Ar = phenyl; 3,5-di--butylphenyl, 4-methoxycarbonylphenyl,
pentafluorophenyl

i. Anodic oxidation, Pt net as working electrode, Pt as counter electrode
in benzonitrile, 0.1 M NBu,ClO4

Scheme 49
Ar Ar
i
—_— CHO
99
Ar
i) =
NN N/
H
100
Ar Ar Ar
[3]98

i. 1. Cu(OAc),, CH;OH/CHClIs, reflux; 2. POCl;, DMF, dichloroethane;
3. aq. NaOAc; 4. 10% H,SO4/THF, rt; ii. 1. BF4 Et,0, CHCl,
2. chloranil, rt

Ar = 3,5-di-z-butylphenyl

Holmes et al.?’® demonstrated the synthesis of bistet-
rapyrrol systems 103 from porphyrinyl S-ketoesters
by radical dimerization. Crescenzi et al.?’* very
recently proposed a pathway to oligomeric porphy-
rinogens illustrated by the oxidative dimerization of
a meso-octaalkyl substituted mono(pyridine)tris(pyr-
role) macrocycle 104 through the pyrrol units.

Properties and Uses. The meso positions are the
most reactive centers toward both electrophilic and
nucleophilic reagents, if steric hindrance is not too
severe. This allows meso-to-meso coupling of porphy-
rin monomers that are unsubstituted at least in
positions 3 and 7. The resulting arrays [n]96 have a
linear rigid structure and high thermal and chemical
stability. The solubility in chloroform, including that
of the higher oligomers, is high when di-tert-butyl-
phenyl substituents are present in positions 5 and
15_265

X-ray structrures of the dimer [2]102 of tetraeth-
ylporphyrin reveal an angle of 65—84° between the
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Scheme 50
N e N OHC
Yne o omNd Mmoo
O N T 1.
/ NH HN- /)-NH
= Sy =

Et Et
Et Et
Et Et
E Et
[21102

i. Ti ii. 1. POCl3-DMF; 2. aq. K»COj iii. H', then DDQ.

R = CO,Me

104

two planar porphyrin rings, depending on the crys-
tallization solvent.?%® The NMR data of the oligomers
derived from 5,15-diarylporphyrins suggest a per-
pendicular arrangement of the neighboring porphy-
rins.?8> Osuka and Shimidzu?®%® reported a large
excitonic splitting in the Soret bands but only small
changes in the low-energy Q-band region of the dimer
[2]96. Compared to the monomer, the fluorescence
spectra exhibit slightly broadened and shifted peak
positions and virtually unchanged quantum vyields.
These observations are compatible with an approxi-
mately orthogonal orientation of the two porphyrin
rings. In contrast, Susumu et al.?® reported distinct
red shifts both in the Q-bands and the fluorescence
maxima of the trimer [3]98, thus detecting a signifi-
cant electronic interaction between the porphyrin
rings despite their orthogonal geometry.

Schwab et al.

D. Co-Oligomers

Often different modules are combined in a single
molecular rod to facilitate the synthesis or to optimize
rod properties such as length and solubility. The
module that is most popular in co-oligomer rods is
the ethyne group.?”? Triple bonds introduce flexibility
and often increase solubility. The acidity of the
terminal acetylenes and the stability of various metal
acetylide intermediates offer opportunities for a
variety of acetylene coupling reactions and provide
a means of attachment of acetylene-terminated rods
to other organic and organometallic modules. If
introduced into a conjugated backbone, oligoethyne
links decrease conjugation relative to oligoenes be-
cause of the stronger bond length alternation. In
contrast to benzene and other arene rings, however,
the ethyne unit has minimal steric demands and does
not introduce any ambiguity with regard to twisting.
The rigidity of the rods deteriorates fast with the
increasing number of acetylene groups in the back-
bone, and only one or two adjacent triple bonds are
normally used.

1. Ethyne/Cage

a. Ethyne/Bicyclo[1.1.1]pentane. Only a few
rods of this class have been prepared, and few of their
properties have been examined. Bunz and Szeimies
prepared bicyclo[1.1.1]pentane (105) and [2]staffane
(106) derivatives with one or two ethynyl substitu-
ents in the bridgehead positions from the correspond-
ing methyl bicyclo[1.1.1]pentyl ketones (107, Scheme
51).153273.274 1-Ethynylbicyclo[1.1.1]pentane ([1]105)

Scheme 51
PCl, NaNH,
R-<<>}-COCH3 _— R—<<>}CC1ZCH3 R =
n n n
107 105, 7= 1
106,7=2

was coupled oxidatively under Hay conditions into
the diyne 108.27

108

b. Ethyne/Cubane. Alkynylcubanes seem to be
the most versatile structures for modular building
blocks containing cubane units and have received
considerable attention.

Synthesis. Ethynylcubane was originally synthe-
sized by Eaton’s group from methyl cubyl ketone?’®
in low yield, and from iodocubane.?’® A more recent
synthesis (Scheme 52) is general and gives excellent
yields of various substituted and unsubstituted al-
kynylcubanes, which are useful monomeric building
blocks.?’6 Dicubylacetylene (109) was prepared from
dicubyl ketone via the vinyl diazo compound (Scheme
53). Terminal cubylacetylenes were dimerized to
diynes through copper-catalyzed oxidative coupling
reactions.?’® Longer rods such as 110 were obtained
from coupling of the monosilylated 1,4-diethynylcu-
bane (Scheme 54).27¢ Cross-coupled ethynylcubanes,
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Scheme 52

Br Br
O? é@ /go i Br—<H § t}:Br
[

i. CBry, PPhy; ii. 1. n-BuLi or MeLji; 2. H,0

Scheme 53

o4 - mw
lii.
S>—

109

i. 1. EtMgBr, THF, -10 °C; 2. cubyllithium; ii. 1. n-BuLi, Me;3Si-CHNj,
THF, -78 °C; 2. H,O

Scheme 54

MesSi—==—CL>—=—SiMe,

1. MeLi-LiBr
2. H,0

Me;Si—s=—&>—=—1

\CuBr, O,, Pyridine, DBU

MeySi—m=—l Lo,

110

for example 111, are accessible via the reaction of
bromoacetylenes with cuprous acetylides (Scheme
55)_276

Scheme 55

Me3Si = @ = SiM63

2. NBS
Br—=—@—=—siMe3
o

=== = SiMe3

l 1. MeLi-LiBr

l Pyridine

111

Properties and Uses. Dicubylacetylene (109) forms
air- and light-stable crystals with high thermal
stability but low solubility. Other ethynylcubanes are
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only moderately air stable, and the shorter oligomers
are quite volatile. Their trimethylsilyl derivatives are
easier to handle because they are crystalline, air-
stable, and nonvolatile. 1,4-Bis[(trimethylsilyl)eth-
ynyl]cubyl-1,3-butadiyne (110) is the longest rigid rod
characterized within this family (the carbon backbone
is 17.4 A long). Since this compound and compounds
with larger silyl groups show moderate to good
solubilities, extension of the rods via further sequen-
tial coupling should be possible.

c. Ethyne/Carborane. A fair number of mixed
rods of this class are known.

Synthesis. Zakharkin et al.?’” reported the synthe-
sis of C-ethynylated 12-vertex carborane derivatives
by coupling a terminally brominated acetylene with
C-lithiocarboranes under copper mediation. A num-
ber of B-substituted p-carborane derivatives have
also been described.?”® Of these, only the B-ethynyl-
ated compounds have been developed into mixed
carborods. Twelve-vertex B-alkynyl-p-carboranes 112
were obtained by Hawthorne's group?” through a Pd-
catalyzed coupling reaction of terminal alkynes with
p-carboranes iodinated in position 2 or the antipodal
positions 2 and 9. This synthetic pathway allows for
the sequential extension of the rods, with the longest
rod 113 reported so far containing three carborane
cages and two acetylene units with a length of
approximately 18.7 A (Scheme 56).27

Scheme 56

@* I + H-=SMe; —~—

112
A i s N, >
= \yg? - \g?

i. Pd(PPh;),Cl,/Cul, pyrrolidine/benzene reflux;
ii. O5/Cul, pyridine/toluene

Properties and Uses. The B-ethynylated compounds
are thermally very stable, with melting points over
250 °C. The linearity of the molecular structures was
confirmed by X-ray diffraction.?”

2. Ethyne/Planar Module

a. Ethyne/Benzene. This has been one of the most
popular choices for molecular rods, and the longest
individually characterized molecular rods are of this

type.



1894 Chemical Reviews, 1999, Vol. 99, No. 7

Once again, we find it expedient to separate rods
with organic terminal groups from those with metal
substituents.

i. Organic Terminal Substitution. Synthesis. Ethyne/
benzene co-oligomers with a regularly repeated modu-
lar pattern, oligo(phenyleneacetylene)s ([n]114), are
among the most easily prepared and handled molec-
ular rods. Originally, the oligomers [n]114 were
prepared by dehydrobromination of the correspond-
ing oligo(phenylenevinylene)s with a bromine atom
on each vinylene group (Scheme 57).22° Modern

Scheme 57

Base =\/[_ /\\l_ /\
O—0—0
[n+1]114

synthetic approaches proceed via transition-metal
intermediates (Scheme 58). The Stephens—Cas-
tro?81.282 reaction requires the preparation of copper-

Schwab et al.

(1) arylacetylenides and vigorous conditions for the
coupling with aryl bromides or iodides. The pal-
ladium-catalyzed reaction reported by Cassar?® and
by Hagihara's?®4285 and Heck’s?®® groups proceeds
under milder conditions and gives better yields. This
method requires cuprous iodide as a cocatalyst. The
Stille reaction employed by the Tamao group?®” uses
stannylacetylene derivatives and does not require the
presence of copper salts. The acyclic diyne methathe-
sis reaction used by Mdullen’s group is a potentially
useful alternative method of the synthesis of the rods
[N]114.288 However, so far it has been applied only
to the preparation of polymers.288

To streamline the synthesis of phenylacetylene
oligomers of different lengths and substitution pat-
terns, a divergent—convergent approach described in
Scheme 1 was developed in Tour’s group (Scheme
59).28 An AB-type monomer is protected with the
trimethylsilyl group on the acetylene side and with
the diethyltriazine group on the phenylene side.
Either of the protective groups can be selectively
converted into a reactive group and coupled with a
corresponding acetylene or aryl iodide. Iterative
cross-coupling of the oligomers allows the chain
length to double in each cycle. Oligo(phenyleneacet-
ylenes)s with up to 16 repeating units and a length

Scheme 58
— N /N
Do D —— O—0
X =Br,1 [1]114
Pd cat.
Cul
2 @—X + H—==—H [1]114
NR,
X=Br,1
Pd cat.
2 @-X + R3Sn—=—35nR; (1114
-2 R,SnX
X=Br,1
R (t—BuO)3W=—H R
= y (Catalyst) —
Me—= =—Me Me—== =-+Me
) e— ) W
R R
Scheme 59

doubling of n

R =Et, 3-ethylheptyl, n=1-16
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Scheme 60
Hex
X—= =Y
/ Hex \n\‘
Hex Hex
X-== =1 + H= =Y
Hex ' Hex '

Hex
X—== =Y +
2n+l
Hex
Hex Hex
e S
Hex>—/ Hex

of 128 A have been prepared by this method with
yields ranging from good to excellent.®® The procedure
has been adapted for solid-phase synthesis.?®® An
alternative set of orthogonal protective groups on two
sides of a growing phenylacetylene chain has been
proposed by Kukula et al.?®® (Scheme 60). Their
approach yields phenyleneacetylenes terminated with
acetylene units on both ends.

Ethyne/benzene rods of less regular patterns are
also known but have received less attention. 1,4-
Diphenylbutadiyne (115) was first reported by Hay*’
and has since been synthesized in many model
reactions during the development of aryl—ethynyl
and ethynyl—ethynyl coupling procedures. 4-(Phen-

115

ylbutadiynyl)phenylacetylene (116) and 1,4-bis(phen-
ylbutadiynyl)benzene (117) were obtained by White
and Quinn from 1-bromo-2-phenylacetylene and p-

Scheme 61

J DMF, Et; NH/H,0, CuCl/NH,CI

7 Y o
— \—/
116
+
O——0O—0
117
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XY =TIPS,CHOH,n=1-4

diethynylbenzene under Cu mediation (Scheme 61).2%
Poly(phenylthio) substituted 1,4-diphenylbutadiene
and 1,4-bis(phenylbutadiene)benzene 118 have been
prepared by Lehn’s group.?9?

QPR P @

{}{§==”==§%{ﬁ

gQesaeq

118 R = t-butyl

Tricarbonylchromium complexed alkynylarenes were
shown by Mdller et al.?®® to react easily with iodo-
arenes to yield tricarbonyl-»8-phenylacetylenechro-
mium(0) arenes 119. The regioselective introduction

oc Lt

Cr
0C” \."CO o Co

CO
119

of the complexed phenylacetylene fragments with the
electron-withdrawing Cr(CO); unit could lead to
interesting new chromophores.

Properties and Uses. Oligo(phenylacetylene)s are
very stable compounds. 4,4'-Bis(phenylethynyl)tolan
([3]1114) has a sharp melting point at 278 °C.?%0 1 ,4-
Bis(phenylbutadiynyl)benzene (117) melts slightly
lower at 254 °C.?°* The presence of at least one ethyl
group per phenylene unit is required for the oligo-
mers [N]114 up to the tetramer to be soluble.?®
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Larger substituents, such as 3-ethylheptyl or dodecyl,
are necessary to solubilize the higher oligomers. The
rigidity of the oligomers [n]114 increases their
hydrodynamic volume, and the number-average mo-
lecular weights for n > 2 determined by size-exclu-
sion chromatography with polystyrene standards are
significantly inflated.?®® The thermal reactivities for
a number of phenylacetylenes have been measured.??*

An increase in the length causes a bathochromic
shift of the optical absorption and fluorescence of
oligo(phenylacetylene)s. The maximum of the low-
energy absorption band shifts from ~ 280 nm for
tolan ([1]114) to 340 nm for [3]114. For oligomers
[Nn]114 with n > 8, this shift becomes very small, with
the absorption maximum at 375 nm and emission
maxima at 415 and 440 nm.

Conductivity of the thiol-terminated oligomer 120
is significantly higher than that of n-dodecanethiol
molecules, as assessed by microwave frequency al-
ternating current STM, even though the calculated
length of the former molecules (21.3 A) is 7.3 A larger
than that of the latter.?®* In this experiment, the

w-O——0

120

molecules of 120 were imbedded into a self-assembled
monolayer of n-dodecanethiol on gold, such that they
extended above the surface of the monolayer and
could be probed by the STM tip.

Quite a few large macrocyclic systems have been
assembled from the phenylacetylene rods. Tobe et
al.?®> reported the synthesis of a butadiyne-linked
hexagon 121 with functionalized benzene units in the
corners creating interior binding sites. Similarly,

R = H, CO,CgH,,
X=H, CN
121

Hoéger and Enkelmann?% reported a large macrocyclic
metaparacyclophane (122). Moore and collabora-
tors?®” have accomplished the preparation of the
hexagonal structure 123 with alternating benzene
and acetylene modules and even more complex bicy-
clic and tricylic systems such as 124 by double

Schwab et al.

123 R = r-butyl

124

R = t-Butyl

cyclization of the appropriate branched precursors.
Over the recent years, this group has published the
synthesis of many shape-persistent molecular archi-
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tectures based on the phenylacetylene unit.?® Ex-
tended dendrimers, among them a 255-mer mono-
dendron, were prepared by a double-exponential
dendrimer growth methodology. These systems ex-
hibit interesting structural and photophysical®®® fea-
tures, making them candidates for liquid crystals3®
and nanotechnological applications such as antenna
supermolecules.®0?

The quest for all-carbon networks has attracted
much attention lately, and considerable progress has
been reported. Haley et al.3%? succeeded in the syn-
thesis of a annulenic substructure 125 of graphdiyne,
which is considered to be the most stable carbon
allotrope containing diacetylenic linkages and is
thought to have many fascinating properties, such
as superconductivity and enhanced redox activity.

R = ¢-Butyl, n-Decyl
125

The group of Vollhardt®®® synthesized the hexaeth-
ynyltribenzocyclyne 126 as a subunit of a graphyne
framework and as a precursor for antikekulene 127,
a member of the as yet unknown circular phenylenes.

127

Acetylenic cyclophanes have been proposed as
fullerene precursors. Rubin et al.3%* synthesized the
large macrocycle 128 and indeed observed the forma-
tion of Cgo in the gas phase in laser desorption mass
spectroscopic experiments. The cyclobutenedione moi-
ety apparently releases acetylenic bonds effectively
with the loss of carbon monoxide.

ii. Metal Terminal Substitution. Like oligoynes,
ethyne/benzene co-oligomers with ethyne termini are
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128

easily provided with terminal metal substituents, and
these structures have received much attention.
Synthesis. The first o-acetylide complex of a transi-
tion metal was synthesized by the group of Hagi-
hara3® who obtained Pt?*- and Pd?*-containing rods
(129) from transition metal dichlorides and a termi-
nal acetylene. Marder’s group3® prepared cationic

PBu, R PBu,
2 N
Cl=Pd 7D Pd=CI
PBU3 R PBU3
129 R= H, CH}, 62”3

complexes 130 by oxidative addition of terminal
alkynes to [Rh(PMe3)4]Cl (Scheme 62). Subsequent

Scheme 62
PMe; ~ |® ®
th i H _PMe, U
_Rh-PMe; —— Mef’/—lih%Q
MesP” Ve, MesP” PMe,
130
{ii.
PMC3
MqP;}ih =
Mesp' PMes
131

1. phenylacetylene; ii. BuLi

deprotonation yielded the corresponding neutral
counterparts 131. Davies et al.?%” isolated the same
complex 131 directly from [Rh(PMej3),]Cl and stan-
nylated phenylacetylene (Scheme 63). Bianchini et

Scheme 63
PMe; . PMe;
Me;P-Rh-Cl  —L»  MeyP-Rh—=
Me,p’ PMes Me,p’ PMes
131
i. MesSnC=CPh

al.®% found that the complexes [{ N(PPh,Et)s} RhC=
CPh] are formed by reacting [{ N(PPh,Et)s;} RhH] with
PhC=CH with a concomitant loss of H,. Crescenzi
and Lo Sterzo!'® reported a Pd-catalyzed carbon—
metal bond formation. They reacted CpFe(CO).l with
various trimethylstannylated acetylenes to give the
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corresponding o-alkynyliron complexes 132 (Scheme
64). The Ru analogue was prepared by Haquette et

i.
Fe=CO T e\-"-'CO

132

Scheme 64

i. phenylacetylene, PACly(PPh;),

al.?® via the vinylidene intermediate.

Puddephatt and his group®® are pursuing the
synthesis of new rigid-rod organometallic polymers
with an ethyne/benzene backbone. p-Ethynylaryl
isocyanides HC=CArN=C, prepared from p-iodo-
anilines by Pd-catalyzed coupling with a protected
acetylene, deprotection, and a phase-transfer Hof-
mann carbylamine reaction, react rapidly with [AuClI-
(SMey)] to yield [AuCI(CN)ArC=CH)] (133, Scheme
65).319 Adams et al.3** synthesized the thiol-termi-

Scheme 65

[Cl-Au-SMe,| + CEN—Q%H

-SMCZ

Cl—Au—CEN—@%H

133

nated oligophenylacetylene rod 134 connected to a
triosmium cluster, mimicking the attachment of
thiol-terminated molecular rods to metal surfaces. Yu

ocC %o
COCO
/ = /N = N S. - LENON
O—0O—0O<PKS
oc NG
cO

134

et al.’*? accomplished the synthesis of 4-cyanoben-
zylidyne and 4-iodobenzylidyne tungsten complexes
135 from [W(CO)s] and phenyllithium derivatives
(Scheme 66). The iodo group of these benzylidyne

Scheme 66
COCO f|30 0
S g B
bL L/ 135

i. 1. XC¢H4(CCH-4), THF; 2. NEt;, Pd(ID), Cu(D)
L =tmeda, X = H, CHO, CN

complexes can be used in standard Pd-catalyzed
cross-coupling reactions with aromatic acetylenes,
while the cyano group can act as a ligand to metal
complexes. The complexes were proposed as mono-
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meric building blocks for the synthesis of extended
unsaturated alkylidyne ligands.

The reactions described so far utilize either con-
ventional nucleophilic acetylide chemistry or oxida-
tive addition reactions to form the metal—carbon
bond. Stang and Crittell®®® complemented these
methods by developing electrophilic acetylene re-
agents, alkynyl(phenyl)iodonium triflates 136. With
this umpolung, electrophilic substitution on organo-
metallic systems became possible and Rh(l11) and Ir-
(111) o-acetylide complexes 137 were obtained in a
single step and in excellent yield (Scheme 67).314

Scheme 67
PPhy

| ®

oMt CF,S0, PhliQ

‘PPh, 136
toluene, 1t

(':1
PPh
cgsqu%
Ph3P” é
0

137 M=Ir, Rh

Rods carrying a terminal acetylene on each end can
carry two transition-metal substituents (Scheme 68),

Scheme 68
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1
Ph,P PPh, 138b
i. 0.5 eq 1,4-diethynylbenzene, 2 eq NaPF; ii. DBU

as shown by Lavastre et al.3!® and Faulkner et al.,31¢
who obtained the Ru-containing rods 138a and 138b.
An analogous iron derivative 139 has been reported
by Field et al.?'” Rods carrying one electron-acceptor

Cl—F&—= B —P/re——u
. &,

139

metal atom with s-acidic ligands and one electron-
donor metal atom with Lewis basic ligands have been
produced by the group of Lewis.?8 Bis(trimethylstan-
nyl)-1,4-diethynylbenzene was treated with [Mn-
(CO)sBr] to give the bis(acetylide) 140, and subse-
guent treatment with trans-[Pd(PBus).Cl;] yielded
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the donor—metal acceptor—metal-terminated rod 141
(Scheme 69). The group of Marder3® synthesized

Scheme 69
[Mn(CO);Br]

Me3SnSnMe3
coMa—=—{ Y~ =i,
140

l trans-[Pd(PBu3)Cl,]

(CO)SMnIE)dB—uél
141

dinuclear rhodium dications 142 directly from the
appropriate terminal dialkynes, such as butadiyne
or p-bisethynylbenzene, and two equivalents of [Rh-
(PMej3)4]Cl. The corresponding neutral complexes 143
were obtained in similar oxidative additions of the
dialkynes to [Rh(PMes)4(Me)] with a loss of methane
(Scheme 70). The oligomeric [(AUC=CArC=CAu),],

Scheme 70
H H ""|2®
L L
L-Rh-CI —2— L—/ﬁh’%@%ﬁh’—L
U L vl b )
142
L L L
L-Rh~CH; —1 Rh—= == Rh-
Ve e L R{“%@}‘—/ﬁﬁ -
L r L
143 n=1,2

i. 1,4-diethynylbenzene or 4,4'-diethynylbiphenyl
L =PMe;

prepared in very high yield from two equivalents of
[AuCI(SMey)] with the appropriate diethynylarenes
in the presence of base, yielded [MesPAUC=CArC=
CAuPMe;s] (144) upon treatment with PMe; (Scheme
71) and [XyNCAuUCCRCCAUCNXy] upon reaction

Scheme 71
= OO
n X
PM€3
Me3P-AuAu_PMe3
n
144 n=0,1
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with 2,6-dimethylphenyl isocyanide.®® Stang and
Tykwinski®'4321 used single-step alkynyl(phenyl)iodo-
nium chemistry33 to prepare doubly iridium(I11)-145
and rhodium(l11)-substituted acetylene-terminated
rods (Scheme 72). A large series of oligoarylacetyl-

Scheme 72
o PPh,
PhIIPh + 2 0Ct g,
oOTf °oTf cr 3

{CHzClz or C(JHG, rt

1

TfO—-— 11 L

Phy
145

enes 146 u-complexed to Coy(CO)s and Co,(CO)s-
(dppm) clusters on the ethyne moieties was prepared
by Osella et al.???

146

s= <O L

R =Ph, H

Properties and Uses. Most of the reported metal
acetylide complexes are air sensitive, especially in
solution. The use of bis(diphenylphosphine)methane
and 1,2-bis(diphenylphosphine)ethane as auxiliary
ligands stabilizes them and increases their solubility
in common organic solvents.31¢

Tykwinski and Stang®!“ reported that the cationic
species obtained from 145 by displacement of the
triflate ligands with acetonitrile were more soluble
and easier to characterize. The solids are thermally
guite stable with melting points around 200 °C and
are also stable to air and moisture.

The Ru complexes 138 exhibit considerable delo-
calization along the rod and also offer interesting
electrochemical properties due to the potential ac-
cessibility of the Ru(Il)/Ru(l1l) couple.?'® The elec-
trochemical investigation by Field et al.3'7 shows that
there is electronic communication between the iron
centers in 139 through the bridge.

The highly soluble gold complexes such as 144 are
air-stable but decompose slowly at room temperature,
presumably due to polymerization. Many of them are
luminescent.3?® The emission spectra show a signifi-
cant red shift upon going from mononuclear to
binuclear species and from solution to the solid state.
The red shift observed upon going from mononuclear
to binuclear gold complexes indicates at least some
conjugation in the molecule. The red shift between
solution and the solid state is due to stacking in the
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crystal, sometimes leading to Au—Au interactions
and sometimes to & stacking.3??

Interesting and aesthetic star-shaped molecules
based on 1,3,5-triethynylbenzene have been reported
very recently. Organometallic linkages were utilized
to extend the length of the arms in the work of Uno
and Dixneuf3?* (147) and Long et al.3?5(148). Stang’s

B
P | | P
)

Z

\—/

X

£
147
X
I phip” “PPh; PPh;
/ /
X = —/Oé\—Cl s —/Ru.,‘“ ,H
Php. PPh, PhP CP
7 x N
X X
148

group®?® used a step-by-step divergent strategy to
obtain similar transition-metal dendrimers, such as
149.

Vi
\

149
X= PEI}

b. Ethyne/Porphyrin. Synthesis. Co-oligomers
of porphyrin with ethyne offer an opportunity to
connect several porphyrin rings without forcing them
to be twisted strongly out of coplanarity. These co-
oligomers were prepared by Pd-catalyzed coupling of
iodoporphyrins with terminal alkynes (Scheme

Schwab et al.

Scheme 73

73)327:328 and alkyne to alkyne oxidative coupling
using Cu(OAC),,32%330 CuCl,33! or Pd(PPhg),/Cul®32:333
as catalysts (Scheme 74). A copper-free Pd-mediated

Scheme 74
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coupling method has been developed by Lindsey.3**
The group of Arnold3® prepared the co-oligomer
porphyrin dimer series [n]150. Therien and co-

Et Et Et Et
Et

Et

Et Et Et Et

n=0,1,2

[n+2]150

workers336-338 synthesized the co-oligomeric dimers
(151a and 151b) and trimers (152a and 152b) with
both meso-to-meso and f-to-f connectivity. Ander-
son®*® reported the preparation of a porphyrin—
ethyne co-oligomer 153 capable of further transfor-
mation to a meso-butadiyne-linked porphyrin polymer
(Scheme 75).

Properties and Uses. The compounds are chemically
and thermally stable, and most exhibit good solubility
in common solvents. The dimers form bimolecular
aggregates even at low concentrations.®*® The longest
rod, Anderson’s dimer 153, measures 38 A.33 Com-
plexation with 1,4-diazabicyclo[2.2.2]octane results
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[n+1]152b
n=0,1

Scheme 75

i. 1. CF3CO,H, 2. DDQ; ii. 1. Zn(OAc),, 2. BuyNF, 3. CuCI/TMEDA
Me3SiCyH, Air; iii. CuCUTMEDA, Air
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in the formation of a 2:2 ladder complex 154 which
can twist significantly.33°

The dependence of the electronic and electrochemi-
cal spectra of the porphyrin dimers on the length of
the bridging unit and the substitution pattern has
been investigated. Attachment of meso-alkynyl sub-
stituents to a porphyrin ring causes a significant red
shift of the porphyrin absorption peaks. In the dimers
150, very little additional red shift of the Q bands
occurs but their intensities increase markedly.33 The
major effect of the bridging ethyne module is the
extraordinarily large excitonic coupling in the Soret
band.336:339.340 The splitting and red shift of the bands
indicate a strong inter-porphyrin interaction. This
interaction can be enhanced or inhibited by the
incorporation of other aromatic spacers into the
bridge (cf. section 111.D.2.g).34

Electrochemical data revealed a dramatic decrease
of the HOMO—LUMO gap of the dimeric systems 151
relative to the monomer (1.78 V in the dimer versus
2.21 V in the monomer).338

In the trimer, 152a, the effects in the electronic
spectra reported for the dimer are further ampli-
fied.33® The information obtained from the UV—vis
spectrum suggests a strong ground-state electronic
interaction and some cumulenic character in the
excited state. The porphyrin rings in the trimer,
therefore, appear to be essentially coplanar.338

c. Ethyne/Pyridine. Synthesis. The simplest
ethyne/pyridine rod, 1,2-bis(4-pyridyl)acetylene (155),
was first synthesized by Sutton and Taube (Scheme
76).3*2 The butadiyne-bridged analogue 156, provid-

Scheme 76

i N\ _ 4 ©
N\/— N

= 155

i. 1. Bry/HBr/H,0, 2. KO-#-Bu

ing for a separation of two transition metals by about
15 A, was obtained by Della Ciana and Haim3* by
oxidative coupling of 4-ethynylpyridine. The group

=
N/—— N

\

156

of Ziessel®* reported ethyne-bridged (Scheme 77) and
butadiyne-bridged (Scheme 78) 2,2'-bipyridyls 157
and 158. Two equivalents of 5-bromo-2,2'-bipyridyl
(159) were coupled with 5,5'-diethynyl-2,2'-bipyridyl
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(160) under Pd(0) catalysis to yield 5,5'-bis(2,2'-
bipyrid-5-ylethynyl)-2,2'-bipyridyl (161) (Scheme 79).

Scheme 79
7 N N\ = ¢ N/ N\ __
2 B
Q_Qr+ =N N=

159 160

‘ [PA(PPhy)4]/nPINH,/60 °C
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161
The same group3*® obtained two ethyne-containing
terpyridyl-based rods 162 and 163 by Pd-catalyzed

coupling reactions and the corresponding butadiyne-
bridged rods by oxidative dimerization (Schemes 80

Scheme 80

i. [Pd(PPhy)4], #Pr;NH, 60 °C

and 81, respectively). They have been converted into
mononuclear ruthenium(ll) bis(terpyridyl) subunits
containing a free terpyridyl ligand.3* Ziessel's group®*
also reported the preparation of a Ru(terpy)-based

Schwab et al.

Scheme 81

i. CuCl/TMEDA/O,

binuclear complex 164 in which the butadiynylene
bridge is interspersed with a 5,5'-(2,2'-bipyridylene)
unit, using a Sonogashira-type cross-coupling reac-
tion between 5,5'-diethynyl-2,2'-bipyridyl (160) and
a bromoterpyridyl complexed to the metal (165,
Scheme 82).

Scheme 82

i. [Ru(terpy X\DMSO)Cl,], Ag+/Methanol; it. [Pd(PPh3),Cl5]
CH;CN/CgHg, (i-Pr),NH, rt

Properties and Uses. The compounds are air-stable
solids with high melting points, reasonably soluble
in polar organic solvents. Mono-, bi-, and some
trinuclear metal complexes were prepared to study
electron and energy transfer through these bridges
and their distance dependence.3*® The 2,2'-bipyridyl-
based Ru(11)/Os(11) mixed-metal complexes, such as
166a, exhibit a rapid triplet energy transfer almost
independent of the length of the bridging spacer (one
or two ethyne modules).?*® For the symmetrical Ru

Tt
7N ¢ N\N_— /N _/ \
=N_ N= =N N=
N\ / N\ /
M; M,
LH LH

166a: M,= Ru(Il), M, = Os(Il)
166b: M= M, = Ru or Os

and Os complexes 166b, transient depolarization
measurements showed that the excitation shuttles
between chromophores several thousand times dur-
ing the triplet lifetime. For the trinuclear complexes
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derived from 161, quantitative triplet energy transfer
from peripheral to central units was observed.34°
Much more information has been gathered on the
terpyridyl-based systems. Ziessel's group’s measure-
ments®® on binuclear Ru(ll) complexes [n]167a
revealed that the attachment of an ethyne module
to the terpyridyl unit dramatically increases the yield
of phosphorescence, the wavelength of the emission
maximum, and the triplet lifetime (by about 1000-
fold), thus converting a poor sensitizer into a more
effective one. Addition of another ethyne module

—| mt

[7]167a: M;= M= Ru(1l)
[1]167b: M= Ru(IT); My= Os(IT)

enhances these effects. Significant electronic coupling
is observed between the terpyridyl and ethyne units
as well as among the ethyne modules. Intense
absorption bands in the NIR are present and at-
tributed to electron delocalization between the terpy
units along the bridge. In the mixed-metal Os(I1)/Ru-
(11) species [N]167b,%! the absorption spectra for the
systems both with one and two ethyne modules retain
the characteristics of the individual units. The triplet
lifetime and energy decrease in the longer system
[2]167b. Rapid, quantitative intramolecular triplet
energy transfer takes place from the Ru(l1) to the Os-
(I1) unit even at room temperature. The rate in-
creases significantly at lower temperatures and
decreases significantly when going from fluid me-
dium to a frozen glass.®*> The rate decrease observed
upon addition of the second ethyne module is sur-
prisingly small. These observations point toward the
Dexter mechanism32 for the energy transfer. Ad-
ditionally, high transfer efficiency along the ethyne
modules was deduced. However, since the transfer
rates are faster for oligophenylene-bridged systems
(cf. section 111.D.5.b), it was concluded that the
electronic coupling between terpyridyl and ethyne is
relatively ineffective.3*° A more detailed account can
be found in a recent review by Balzani et al.?%°
The homobinuclear Ru complexes 164 built from
the rod interspersed with a bipyridyl unit reveal a
decreased triplet lifetime and luminescence quantum
yield compared to the counterparts containing only
ethyne bridges.?*” The system spaces the terminal
metals by about 23 A and provides a free binding site
for cations. Its N atoms can be easily quaternized or
protonated. Quaternization quenches the lumines-
cence, presumably due to electron transfer from the
excited triplet of the Ru(terpy) chromophore to the
cation. Protonation enhances the conjugation along
the bridge by lowering the LUMO localized on the
bipyridyl module, but the effect is miniscule. Cations
show similar effects depending on the strength of
their binding. Overall, these modifications allow for
fine-tuning of the electronic properties of the bridge,
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as well as adjustments in solubility and overall
charge.3¥’

d. Ethyne/Phenanthroline. Synthesis. Linear
rods 168 and 169 comprised of metal-complexed
phenanthroline units and ethyne modules were pre-
pared by Connors et al.33 using Pd-catalyzed cross-
couplings of metal-complexed bromophenanthro-
lines with metal-complexed 3-ethynylphenanthroline
(Scheme 83). The coupling reactions proceeded in

als
= N‘M’N = = N\M,N =

(bpy), (bpy),
168
Scheme 83
20 2e
‘N\M,N‘ =N.., .N=
(bpy), (bpy),

(dppf),PdCl,, Cul, DMF, Et;N

e
S
(bpy), (bpy), (bpy),
169 M =Ru, Os

good yields and without any ligand exchange on the
complexation sites, thus providing full control over
the composition of the assembled metal-complexed
rod in a single step. Bi- and trimetallic systems of
Os and Ru with identical or different metal atoms
were obtained.

Properties and Uses. Since the rods were assembled
with the building blocks already complexed to metals,
no information was obtained on the “naked” rods. The
cation-complexed systems 168 and 169 are soluble
in polar organic solvents and in water. Absorption
spectra show the conjugation of the phenantroline
ligands and the expected intense metal to ligand
charge-transfer (MLCT) bands. Voltammetry was
used to confirm the locations of the metal centers.3%

e. Ethyne/Cyclobutadiene. Free cyclobutadiene
is too reactive for use in molecular rods, but as noted
in section 11.B.1.b, it can be stabilized in several
ways. One of them is - complexation with a transi-
tion metal atom that removes the biradicaloid nature
of the ring. The other ligands on the transition metal
usually are carbonyls or cyclopentadienyl. Homo-
oligomeric rods built from metal—cyclobutadiene
complexes alone have not been prepared, but co-
oligomers with other modules are known.

Synthesis. Co-oligomers of ethyne and cyclobuta-
diene modules complexed to either (cyclopentadien-
yl)cobalt or (tricarbonyl)iron were reported by Bunz
and his group.354-360 In the (cyclopentadienyl)cobalt
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series, 1,3-diethynyl-2,4-bis(trimethylsilyl)cyclopen-
tadienylcobalt (170), accessible in moderate yield and
multigram quantities (Scheme 84),%6* was used as the

Scheme 84
SiMes Messi 2
H 1. reflux & Me;
T A0 2.KOH 0 + other products
Il 9 co |
iMC3

170

primary building block for the synthesis of longer
rods. To obtain the 1,3-butadiynyl derivative 171, 170
was coupled with cis-1,2-dichloroethene in a Heck—
Cassar—Sonoshigara—Hagihara reaction followed by
elimination on the doubly chlorovinylated intermedi-
ate 172 (Scheme 85).3¢° The diacetylene 170 was also

Scheme 85

171

1. Pd(PPhs),/Cul/piperidine; ii. 1. sec-BuLi/THF, 2. CISiMe,

subjected to Hay conditions yielding a mixture of
linear oligomers 173 (Scheme 86). The dimer to

Scheme 86
Me;Si //
// SiMes i
0

i. CuCl/'TMEDA/O,

173 n=0,1,23,45,6,7

nonamer were isolated in moderate yields.?¢? The
trimethylsilyl groups on the cyclobutadiene ring were
subsequently easily removed (Scheme 87). Following
the route described in Scheme 85, 1l-ethynyl-2,3,4-
tris(trimethylsilyl)cyclopentadienylcobalt was ex-
tended by one ethyne module and after desilylation
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Scheme 87
SiMe; SlMe3 SiMes
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oxidatively coupled to produce the octatetrayne-
linked cyclobutadiene dimer 174 as a model com-
pound for the respective polymer.358

SiMes SiMe;
MesSi—f p—=—=—=—=— x—SiMe;
PCO™ SiMe, Mes PO

174

In the (tricarbonyl)iron series, cyclobutadiene-
(tricarbonyl)iron itself was used as the starting
material. A metalation—iodination—coupling (MIC)
scheme was developed which lead to stepwise alkyn-
ylation of the ring.3%¢ Hereby, lithiation takes place
regioselectively in the ortho position only at low
temperature. The monoethynylated isomer 175 iodi-
nated in the para position was isolated from a mix-
ture obtained at higher temperatures and used along
with the 1,3-diethynyl derivative 176 as monomeric
building blocks. Thus, two equivalents of 175 were

e

(CO);3F¢ (CO)Fe
175 176

ol ot cond

(CO)skFe  (CO)s3Fe  (CO)sFé€

177

R:/\— = R

—_— — K

(CO);Fé

(CO);Fé

178
R = SiMe;. H

coupled under Pd catalysis with 176 to obtain moder-
ate yields of the ethyne-brigded cyclobutadiene-
(tricarbonyl)iron trimer 177 and with bis(trimethyl-
stannyl)acetylene to produce the corresponding dimer
178.3% Wiegelmann-Kreiter and Bunz®® developed
a stepwise synthetic route to the peralkynylated
dumbbell-shaped dinuclear cyclobutadieneirontricar-
bonyl complexes 179a and 179b from the 1,2-isomer
180, using stepwise iodination, Pd-catalyzed coupling
with (trimethylsilyl)(trimethylstannyl)ethyne and bis-
(trimethylstannyl)ethyne or -butadiyne after desilyl-
ation (Scheme 88). A few mixed rods containing both
(tricarbonyl)iron and CpCo complexed cyclobutadiene
rings were also reported.3%*
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Scheme 88
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181a: R=H
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i. 4-ethynylpyridine/Pd(dba),/PPh,/Cul/NEt;; ii. phosgene/NEt;

The compounds carrying two terminal acetylene
funtionalities were used for the synthesis of poly-
mers.

Properties and Uses. Since the cyclobutadieneco-
balt(cyclopentadienyl) complexes are completely stable
to standard conditions and contain terminal alkynes,
they are excellent candidates as building blocks for
the construction of larger organometallic structures.
The octatetrayne-bridged dimer 174, for example,
decomposes above 300 °C without melting.3%° Analy-
ses of X-ray data show that the cyclobutadiene ring
is distorted from a square to a parallelogram with
angles of 85—87° and 93—94°. The bisbutadiyne-
substituted monomer 171 is not exactly linear, as the
ligands are pointing away from the CpCo unit at an
angle of about 7°.360

The UV—vis spectra of the oligomeric series [N]173
indicate that the hydrocarbon ligand allows consider-
able electron delocalization.®? The monomer and
dimer show only two bands, while the trimer and
higher oligomers have three bands. The third band
(at about 350 nm) increases in intensity up to the
heptamer, indicating that the effective conjugation
length has been reached there. The spectra of all
longer oligomers are virtually superimposable with
the spectrum of the polymer. The third band is
therefore attributed to the interaction of the diyne
units with the complexed cyclobutadiene ring. In
addition, variable-temperature *H NMR spectroscopy
revealed free rotation of the organometallic moieties
around the C—C bonds of the linkers down to at least
—100 °C.36?

The cyclobutadieneiron(tricarbonyl) complexes 179
are moderately sensitive under normal atmospheric
conditions but are stable at low temperatures and
exhibit good solubility in nonpolar and polar organic
solvents.363

f. Ethyne/Benzene/Pyridine. Synthesis. Two lin-
ear pyridylethynylphenylisocyanides 181a and 181b
were reported by Mayr and Guo®®* as building blocks
in coordination polymers and supramolecular as-
semblies. Pd-catalyzed cross-coupling of the respec-
tive formamidophenyl iodides 182 with 4-ethynyl-
pyridine followed by dehydration of the resulting
formamides yielded the desired rods in good yields
(Scheme 89).

The group of Ziessel®** prepared a number of
molecular rods based on terpyridyl termini bridged
by spacers consisting of phenylene and ethynyl
modules. The system 183 with the phenyl groups
directly attached to the terpyridyl units containing
a single ethyne module was synthesized by Pd-
catalyzed cross-coupling, and the corresponding sys-
tem with two ethyne modules was prepared by
oxidative coupling of the terminal acetylene precur-
sors. The rod 184 with a benzene ring in the center
was prepared by Pd-catalyzed Sonogashira-type cross-
coupling of the metal-complexed bromoterpyridyl
with 1,4-diethynylbenzene.34

Properties and Uses. The pure isocyanides 181 have
melting points around 100 °C but are not stable at
room temperature and have to be stored at low
temperature in methylene chloride solution.®®* They
can be stabilized by complexation to a transition
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metal (cf. Part 2'°). The rods 181 are versatile ligands
because they can bind with a metal—pyridine-type
interaction at one end and with a metal—isocyanide
system at the other. The partial triple bond character
of the carbon—metal bond on the isocyano terminus
should enhance long-range electronic interactions.3*

The terpyridyl-based systems 183 and 184 have
been used to assemble mono- and dinuclear metal
complexes in order to investigate their usefulness as
bridging ligands.349:350:365 For the bis-Ru(ll) system,
the insertion of the phenyl rings between the ter-
pyridyl units and the ethyne modules leads to a
dramatic decrease in the triplet lifetime, lumines-
cence yields, and magnitude of the coupling between
the metal centers.®*® However, the incorporation of
the phenylene module into the center of the rod 184
has rather minute effects on the triplet lifetime and
the luminescence quantum yields.?*” It appears,
therefore, that the decreased energy-transfer capa-
bilities of 183 are due to a poor orbital overlap
between phenyl and pyridine modules. However, this
is in stark contrast to the observation of very rapid
energy transfer through a pure oligophenylene spacer
(cf. section 111.D.5.b).3%¢ Further investigations are
needed to elucidate the effects governing the transfer
rates. The central benzene ring in rod 184 offers an
easily functionalizable site to modulate energetics
and to attach secondary groups.34°

g. Ethyne/Benzene/Porphyrin. Synthesis. Two
types of rods were prepared based on porphyrin,
phenylene, and ethyne modules. Murayama and
Kawabata3¢” originally synthesized dimeric arylpor-
phyrins [n]185 spaced by a series of ethyne linkers
up to the octatetrayne from the corresponding dial-
dehydes 186 by a stepwise cyclization route in low
yield (Scheme 90a). Kawabata et al.3%® obtained
differently substituted diarylporphyrins [n]187 with
the same spacers in a one-pot reaction with improved
yields (Scheme 90b). Lindsey’s group33* reported the
ethyne- and butadiyne-bridged tetraarylporphyrins
188 using oxidative coupling of the terminal acet-
ylene.

The second type of rod features alternating por-
phyrin, ethyne, and benzene modules and has at-
tracted more attention. Lindsey’'s3343%° synthesis is
based on mild copper-free coupling conditions for

Schwab et al.

Scheme 90
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Scheme 91
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190

iodoarylporphyrins and terminal acetylenes. His
group produced a number of porphyrin dimers [2]189
and trimers [3]189 bridged by tolan derivatives
(Scheme 91) and a 90 A long molecular photonic wire
190 endcapped by a fluorescent dye.3’° Kawabata et
al.3"* coupled a phenylacetylene-substituted porphy-
rin, which was obtained from a double condensation
reaction, with 1,4-diiodobenzene under Pd-catalysis
to produce the bis(phenylethynyl)phenylene bridged
diporphyrin 191. Applying Lindsey's methodology3**

reported a series of bis(phenylethynyl)arylene-linked
porphyrin dimers with 1,4-phenylene 192, 1,4-naph-
thylene 193, and 9,10-anthrylene 194 spacers for a
systematic study of the influence of bridge energetics
on the electron and energy transfer. Anderson’s
group3* has synthesized a set of rods in which the
porphyrin modules are connected directly to ethyne
units using Pd-catalyzed cross-coupling of metalated
ethynylporphyrins and arene dihalides. Thus, the
porphyrin dimers are spaced by 1,4-diethynylbenzene
(195) and 9,10-diethynylanthracene spacers (196).

192: Ar = 1,4-phenylene
193: Ar = 1,4-naphthylene
194: Ar = 9,10-anthrylene

R = C,Hs
M=H,, Zn

with minor modifications, Kajanus et al.®"? recently

195: Ar = 1,4-phenylene
196: Ar = 9,10-anthrylene

M=Zn

Properties and Uses. The compounds described in
this section are solids stable under normal atmo-
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spheric conditions. The oligoyne-bridged series
[N]187 is very soluble in polar organic solvents, but
sensitivity to acid is suspected, especially with in-
creasing length of the bridge. The systems containing
alternating modules display good solubility in polar
organic solvents and in toluene, except for the trimer
[3]189.334

The oligoyne-bridged dimers [n]187 with center-
to-center distances between 16.9 and 26.6 A were
transformed into zinc/free-base hybrids to investigate
intramolecular excitation energy transfer and into
the zinc/ferric hybrids to measure photoinduced in-
tramolecular electron transfer by picosecond time-
resolved fluorescence spectroscopy.®’t Both transfer
rates were found to be very fast and nearly indepen-
dent of the distance. The energy transfer was shown
to be more consistent with the Dexter mechanism.352
The oligoyne spacers are less efficient than polyene
spacers (Part 2'9) in providing through-bond elec-
tronic coupling between the donor and the acceptor,
presumably because of stronger bond length alterna-
tion, but enhance electronic interactions compared
to oligophenyl bridges which suffer from twisting.3"*

The rods with alternating modules were selectively
metalated. Singlet energy transfer in the Zn/free-base
hybrid of the bis(phenylethynyl)phenylene-bridged
dimer 191 was investigated.3’%373 The fluorescence
spectra show efficient singlet excitation energy trans-
fer from the zinc porphyrin to the free-base porphy-
rin. Energy transfer seemed to proceed by the Dexter
mechanism,®? and the rate was quite rapid but
slower than the rate through the diphenyloligoyne-
bridged hybrid dimer of comparable length.

Strachan et al.®’4%75 examined the energy transfer
rates and efficiency across the Zn/free-base tolan-
bridged dimers [2]189 as a function of the substitu-
tion pattern on both the linker and the porphyrin
rings. The rates and efficiencies decrease significantly
when the rotation of the bridge is hindered by large
substituents or when the benzene rings are per-
fluorinated, both leading to diminished orbital inter-
action between the linker and the porphyrins.®”® The
substitution pattern on the porphyrins had an even
greater impact on the transfer rate. Alkyl substitu-
ents in the 3 positions and fluorination of the por-
phyrins caused a 10—20-fold decrease in the rate.3"
The absorption spectra of these dimers are generally
almost exactly a superposition of the constituents,
indicating only weak interactions between the por-
phyrin units.

Comparison of the emission spectra of Anderson’s
group’'s®! porphyrin dimers 196 spaced with dieth-
ynylnaphthalene and diethynylbenzene reveals a
large red shift for the former, indicating stronger
porphyrin—porphyrin conjugation. Furthermore, the
addition of the naphthalene spacer increases the
electronic coupling compared to the butadiyne-linked
analogue (cf. section 111.D.2.b), despite the longer
distance. An explanation might be the anthrylene
unit's ability to stabilize quinoidal/cumulenic reso-
nance structures.®** This behavior could lead to
longer rods with strong third-order NLO behavior.
In MO terms, the difference reflects the increased
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energetic proximity of the orbitals of the polycyclic
spacer.

The photophysics of 190 has been investigated
thoroughly.3"° The Q bands represent the sum of the
individual components, while the porphyrin Soret
band is split. As anticipated, the input dye absorbs
most of the light (62%) under illumination at 485 nm.
The integrated fluorescence quantum yield is 0.1, and
92% of the emission originate from the free-base
porphyrin. This is about 7 times higher than could
be expected from its absorption, pointing to efficient
energy transfer across the diarylethyne linker.370

Rods comprised of porphyrin, benzene, and ethyne
modules with lengths of up to 6.5 nm have been
connected to a central methane unit by Mongin and
Gossauer,3’6377 creating tripodaphyrins such as 197,
with edge lengths at the base of up 6.5 nm. The same

M=Cu,Ni,Zn,2H

group®”® synthesized a dendridic porphyrin hexamer
with an external diameter of about 10 nm based on
benzene centers substituted in 1,3,5 positions by
porphyrin-endcapped oligophenylacetylene arms. Lind-
sey’s group®”® has recently reported the synthesis of
a molecular square 198 with four porphyrin units in
the corners connected by tolan linkers. More compli-
cated star-shaped light-harvesting arrays built around
a central porphyrin unit connected on all meso
carbons through biphenylacetylene spacers to four
more porphyrin moieties were also assembled.3% A
smaller, more strained square system 199 with two
porphyrins held in a face to face orientation by two
bisphenylbutadiene rods was realized in the group
of Sanders.38!

3. Bicyclo[1.1.1]pentane/Other Cages

a. Staffane/Bicyclo[2.2.2]octane. Synthesis.
Michl's group*#? showed that one or two molecules
of [1.1.1]propellane can be inserted into 1,4-diiodo-
bicyclo[2.2.2]octane under UV irradiation to form
two- or three-unit oligomers, depending on the length
of the irradiation (Scheme 92). No further insertion
into the terminal bicyclo[1.1.1]pentyl iodide bonds
takes place. The iodo derivatives were converted to
the parent hydrocarbons (e.g., 200).14?

Properties and Uses. The bicyclo[1.1.1]pentane/
bicyclo[2.2.2]octane co-oligomers are stable up to
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Scheme 92

o D Dy

‘R—I

;

200

i. hv; ii. 1. BuLi 2. MeOH

280—300 °C and transparent in the UV at least down
to 200 nm. The units behave quite independently as
judged by the virtually unchanged IR bands and
NMR shifts compared to the values for the homo-
oligomers.14?
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b. Staffane/Cubane. Synthesis. The synthesis of
mixed bicyclo[1.1.1]pentane/cubane and bicyclo[1.1.1]-
pentane/cubane/bicyclo[1.1.1]pentane rods was ac-
complished in a similar fashion by irradiation of 1,4-
diiodocubane in the presence of [1.1.1]propellane
(Scheme 93).142 Again, 1,4-bis(3-iodobicyclo[1.1.1]-

Scheme 93

@ H gy

l R-I

201
i. hv; ii. 1. BuLi 2. MeOH

pent-1-yl)cubane did not react further with [1.1.1]-
propellane, and the products were reduced to the
parent hydrocarbons (e.g., 201).

Properties and Uses. The staffane/cubane rods melt
below 200 °C and are thermally somewhat less stable
than the parent homo-oligomers. A crystal structure
of 1,4-bis(3-iodobicyclo[1.1.1]pent-1-yl)cubane con-
firmed its linearity and a very short exocyclic bridge-
head-to-bridgehead distance (1.474 A), anticipated
from Bent’s rules,38 given the high s character of the
exocyclic hybrid orbitals at the termini of the mod-
ules. The compounds are transparent in the UV and
show the characteristic IR bands and NMR shifts of
the individual modules.**?

c. Staffane/Carborane. Photochemical insertion
of [1.1.1]propellane into the C—I bond of mono-
iodinated, trihexylsilyl-protected 12-vertex carborane
202 followed by copper-mediated bridgehead-to-
bridgehead coupling yielded the mixed carborane/
staffane rod 203 (Scheme 94).143

Scheme 94
R—<&[ ¥o—] + @ 1—> R“’@O—Q—I
202
lii.
HO
o8- - Bora- i
d

HO,
d

i hv; ii. 1. #-Buli, 2. Cul, PPhy, 3. p-CeH4(NO,),
iii. 1. BuyNF 2. BuLi 3. CO» 4. HCI; iv. 1. BuLi 2. I

R =(CeH,5)38i
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Properties and Uses. Compound 203 is thermally
quite stable and transparent in the UV. The trihexyl-
silyl groups provide for very good solubility in com-
mon organic solvents. After desilylation, the terminal
C—H bonds provide sites for further functionalization
and rod extension.

4. Benzene/Cage

a. Benzene/Staffane. Synthesis. Michl’s group
showed that [1.1.1]propellane (2) reacts with iodo-
benzene under irradiation to form 1-iodo-3-phenyl-
bicyclo[1.1.1]pentane ([1]204), 3-iodo-3'-phenyl[2]-
staffane ([2]204), and a small amount of higher
oligomers (Scheme 95).1%7 The iodo derivatives re-

Scheme 95
! o O
O 8 1
[#]204

O & @{-@7\1

n

[1]204
n
n
i. hv, pentane; ii. 1. biacetyl, benzene, 2. n-Bu3SnH n=1,2,34

acted with biacetyl under irradiation in the presence
of a tin hydride to yield the corresponding 3-acetyl-
3'-phenyl[n]staffanes, which were oxidized to the
3-carboxylic acids and further to [n]staffane-3,3("~1-
dicarboxylic acids (section 111.B.1). Compound ([1]204)
can also be converted to higher co-oligomers by
further irradiation in the presence of 2 in pentane.
Oligomers with up to four bicyclo[1.1.1]pentane units
have been isolated and characterized. Oxidative
bridgehead-to-bridgehead coupling of the cuprate
permitted the dimerization of ([1]204) to 3,3'-diphenyl-
[2]staffane 205, which can also be performed under
Ni or Pd mediation (Scheme 96).143

Scheme 96

O w OO

i. 1. -BuLi, 2. Cul, 2 PPhs, 3. p-C¢H4(NO,),
ii. 1. t-BU.Li, 2. NlBI'z[P(ﬂ-Bll):;]z or Pdclz(PPh3)2

Properties and Uses. The compounds with an iodine
substituent on the bridgehead decompose if irradi-
ated or heated. The acetyl derivatives are chemically
and thermally much more stable and can be func-
tionalized further.*¥”

b. Benzene/Bicyclo[2.2.2]octane. Synthesis. 1,4-
Diphenylbicyclo[2.2.2]octane (206a), its para-sub-
stituted analogues 206b, and the corresponding
naphthalene/bicyclo[2.2.2]octane co-oligomers, such
as 206c, were synthesized by Zimmerman and
McKelvey®® in a multistep synthesis starting from
aryl acetones. The bicyclic system was formed in an
acid-catalyzed intramolecular aldol reaction in the
key step. After chlorination of the free bridgehead

Schwab et al.

Q
S alals Ol
206a: X = H O )

206¢
206b: X =NO,, CN

position, a Friedel—Crafts reaction with benzene
afforded the products. Chapman et al.®® reported a
similar pathway for the preparation of 206a.

Properties and Uses. The rods 206 were used in the
investigation of electron and energy transfer across
the saturated spacer. Reduction of one aromatic ring
in the symmetrical systems produced a localized
radical anion. It was concluded from EPR line widths
that the rate of charge shift between the rings is less
than 3 x 106 s7* (the role of the counterion was not
investigated). In the unsymmetrical species 206c,
singlet excitation energy is transferred from the
naphthalene to the benzoyl chromophore by the
Forster mechanism3® and triplet energy is trans-
ferred in the opposite direction.”383

c. Benzene/Cubane. Synthesis. Symmetric and
asymmetric arylated [n]oligocubyls have been pre-
pared!® by reaction of 1,4-diiodocubane and 1-iodo-
4-phenylcubane with t-BuLi and subsequent trapping
of the resulting lithiocubane [n]207a with an elec-
trophile (Scheme 97).1%° Applying this chemistry,

Scheme 97

n

[#)207a
n=123
Paulson et al.38 synthesized a series of [n]oligocubyls
(n =1, 2, 3) [3]207b with a biphenyl unit at one
terminus and a naphthyl unit at the other in order
to investigate the intramolecular electron transfer

between the two aryl substituents through an oli-
gocubyl rod. Two n-hexyl substituents were intro-

(O OHGAG S
[1]207b

OQ(@(&(&QQ

[3]1207¢

n=0,1,2

R = n-hexyl

duced on one of the cubane units in the trimeric rod
[3]207c to improve the solubility of the compound.

Properties and Uses. The cubane spacers enhance
the rate of electron transfer by a factor of 10
compared to spacers based on cyclohexane.3®¢ Appar-
ently, through-bond coupling provides the main
interaction pathways between donor and acceptor.
The rate of electron transfer decreases exponentially
with increasing distance at a rate similar to those
observed in other saturated spacers.
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Interestingly, the absorption spectra of the radical
anions of biphenyl and naphthalene are more per-
turbed by cubyl substitution than by ordinary alkyl
substitution, suggesting a stronger hyperconjugative
interaction. 386

d. Benzene/Carboranes. Synthesis. Zakharkin
and Kovredov obtained the C-arylated 12-vertex
p-carborane 208 by Pd-catalyzed coupling (Scheme
98).387 Even though various disubstituted and tri-
Scheme 98

o@o —1> O@O—Li —11—> OO@O—H
O
208

i. 1 eq. n-BuLi, ether; ii. 1. CuCYTIIT 2. NMP, Pd(PPh3),Cl,

substituted analogues and cyclic structures are
known,278:38 Jonger linear C-phenylated carborane
oligomers have not been reported. Using Pd-free
coupling conditions, Wade’s group recently reported
the synthesis of a series of C-phenyl-p-carboranes and
symmetric and unsymmetric C,C'-diphenyl-p-carbo-
ranes 209 with the phenyl groups substituted in the
para position by various electron-withdrawing (NO.,
OH, CF3) and electron-releasing (NMe;, Me, NH,)
groups (Scheme 99).38 In addition, the Michl group3®°©

B0
B0
OO

209

Scheme 99

i. 1. 2 eq BuLi, CuCl, (MeOCH,),, 2. R-Ph-I, CsHsN
ii. 1. 1 eq BuLi, CuCl, (MeOCH,), 2. R-Ph-I, CsH;N
iii. 1. 1 eq BuLi, CuCl, (MeOCH,), 2. R™-Ph-I, CsHsN

R = -NO,, -NHy, -OMe, -OH
R' = -NO,, -NH,, -OMe, -OH

used Pd-catalyzed coupling to prepare a B-phenylated
monocarba-closo-dodecacarborane anion 210 (Scheme
100).

Scheme 100
H H H
& b &

A i R _di R
3 i
I ®
i. I,, CHyCOOH; ii. PhMgl, [Pd] 210

Properties and Uses. Phenylcarboranes are chemi-
cally and physically extremely robust. The melting

Chemical Reviews, 1999, Vol. 99, No. 7 1911

points of the parent phenylcarborane and diphenyl-
carborane are over 200 °C.%8” Their solubility in
common organic solvents is high. From their C
NMR spectra, it appears that the aryl group transfers
electron density to the antipodal carbon atom in the
p-carborane cage.®®® The UV-—vis spectra reveal
substantial shifts of the arene 'L, transition to longer
wavelength, indicating that the p-carboranyl group
has a significant influence on the z-energy levels of
the aryl groups. Furthermore, in the case of para
substitution on the aryl groups, especially in ex-
amples with push—pull patterns, an interaction
between the two aryl chromophores through the
carborane bridge is observed.®®°® This electronic con-
nection between terminal z-systems was suggested
to be similar to that reported in [n]staffanes and
distinct from resonance interaction through m-elec-
tron bridges.38°

Phenylcarboranes were used in the Wade group as
building blocks for macrocyles such as 211.3%

A
XY

211

5. Benzene/Other Planar Module

a. Squaraines. As noted in section 11.B.1.b, one
of the ways in which the highly reactive 4 w-electron
antiaromatic cyclobutadiene can be stabilized is
push—pull substitution that removes its biradicaloid
character. One strongly perturbed derivative is the
dianion of squaric acid, which can be viewed as a
C4H4%" ring carrying four —O~ substituents.3?2 When
the negatively charged —O~ donors in positions 1 and
3 are replaced by uncharged m-electron-donating
substituents, overall electroneutral rods result.3%

Synthesis. 1,3-Disubstituted squaric acid deriva-
tives 212a (squaraines) have been known for over 30
years.3® They are usually prepared by a condensation
of squaric acid (213) with two equivalents of electron-
rich aromatic compounds and azeotropic water re-
moval (Scheme 101). Common substrates are N,N-

Scheme 101
]
O\ ,O R R. 02@ R
0 - 0
HO OH -2H,0 P
213 212a

disubstituted anilines,3%73% stilbenes,%° azulenes,**°
pyrroles, 4401 thiophenes,**? 2-methylbenzothiazo-
lium salts,*%® 2-methylindolinium salts,*** and 2-
methylquinolinium salts.%®® Unsymmetrical squaraines
212b are also accessible, as shown in Scheme
102.496-409 For our purposes, aryl- and azulyl-substi-
tuted squaraines are modules for axial rods while
other squaraines (e.g., bis(benzothiazolylidene)squa-
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Scheme 102

1. Cycloaddition

CHQ  OCH;s 2. Hydrolysis

CHO  OC,Hs R

raine) are modules for zigzag rods (cf. Part 2%°).
Hydrogen-donor groups on adjacent benzene rings in
the ortho position form strong hydrogen bonds with
the oxygens of the squaraine group,*°® which leads
to a ladder-type structure, enhanced conjugation, and
increased rod rigidity. Aza-crown-appended squaraines
have been prepared for sensor applications.*!°

Properties and Uses. The parent squaric acid (213)
decomposes above 293 °C.*!1 The UV —vis absorption
of 212 is unusual with very high extinction coef-
ficients (log ¢ > 5) and a very long wavelength of
absorption (A > 600 nm).3%>411 The compounds exhibit
large photoconductivity®®® and optical nonlinear-
ity.#12413 Squaraine molecules interact strongly with
each other in the solid state and in solution. The
aggregates are nonfluorescent, but if the chromo-
phores are separated, they fluoresce strongly.3%7:3%

b. Benzene/Pyridine. In most of these rods, the
pyridine ligands are in terminal positions and are
used for metal complexation.

Synthesis. 1,4-Bis(4-pyridyl)benzene ([1]214), the
shortest member of the phenyl-bridged 4-pyridyl
family, was synthesized by Ward's group.** Kim
and Lieber#® prepared the next higher homologue
([2]214) by Pd-catalyzed coupling of 4-(trimethyl-
stannyl)pyridine with 4,4'-dibromobiphenyl (Scheme
103). A similar rod 215 with two bidentate 2,2'-

Scheme 103
I\O—SnMe3 + Br@Br

JPd catalysis

[n]214
n=1,2

bipyridyl complexation sites connected by a benzene
module was prepared by Lehn's group.*® Stille
coupling conditions with Pd(PPhs), were used for the
cross-coupling step (Scheme 104).

Pyridine/benzene rods with biscyclometalating bind-
ing sites were reported by Sauvage and collabora-
tors,*7418 who prepared 3,3',5,5'-tetra(2-pyridyl)-
biphenyl (216, Scheme 105). This group*®420 also
extended this rod by incorporating one, two, or three
phenylene spacers ([n]217, n = 1, 2, 3) using aro-
matic cross-coupling reactions between the diboronic
acid derivatives of the respective phenylene bridge
and the brominated bipyridylbenzene 218 or its

Schwab et al.
R' o
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OH -H,0 o
212b
Scheme 104
Br: & =" + MQSn@-
‘Pd(PPh3)4
\'—/ /_\ /_\ /_\
215
Scheme 105
Br

Br
(j\s + /@\ .
N nMes Br Br

216

i. THF, reflux, PACly(PPhs),
ii. DMF, Ni(PPhy)s, 50 °C

ruthenium complex yielding the assembled dinuclear
complex directly (Scheme 106).42*

Scheme 106
Br
RO,B B'OR
N o * RO "OR
N Ne n
n=1,2,3
218 R = H, CH,CHs
toluene, EtOH, Na,CO3
Pd(PPh;3)y, reflux
[#]217 n=1,2,3

Two rods based on p-phenylene carrying terpyridyl
ligands on both ends have been reported. Krohnke*??
described the synthesis of [1]219 (Scheme 107).
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Scheme 107

{1]219

Sauvage'’s group synthesized the homologous com-
pound [2]219 with two benzene rings via Ni(0)-
promoted homocoupling of 4'-p-bromophenyl-2,2":
6',2"-terpyridyl (220) (Scheme 108).4> The asymmetric

Scheme 108

221

rod 221 with an o-terpyridyl unit directly connected
to 3,5-di(2-pyridyl)benzene was recently reported as
well. 385

Properties and Uses. All these compounds are
chemically and physically very stable. They can be
dissolved easily in aqueous acids and in polar organic
solvents.

Doubly monodentate ligands, such as 214, have
been used in the preparation of mononuclear and
binuclear Mo and Ru complexes to study long-range
electron-transfer reactions.?®® The two metal atoms
that are coordinated to the terminal nitrogens are
separated by ~11—20 A depending on the number of
phenylene spacers. The UV—vis spectra of the bi-
nuclear Ru complexes show z—x* and metal-to-
ligand charge-transfer (MLCT) absorptions. The ad-
dition of one phenylene spacer results in a 36 nm blue
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shift in the dz—a* MLCT transition and the addition
of the second one in an additional 18 nm shift.4'®
These shifts can be explained by a decrease in the
splitting of the =#* pyridine energy levels caused by
the electronic coupling between the terminal pyri-
dines as the distance between the centers increases.
Cyclic voltammograms revealed a small stabilization
of the mixed-valence state compared to the fully
oxidized and reduced species. However, the mixed-
valence ion does not exhibit an intervalence peak in
the UV—vis/NIR.**% Overall, the data show that the
electronic interaction between the metal centers
through the aromatic spacers is quite weak.

The diastereomeric diruthenium complexes of the
doubly bidentate bipyridyl—phenylene rod 215 were
prepared similarly, but no electronic communication
between the metal centers was observed in the
electronic spectra or the cyclic voltammograms.*16

Among the biscyclometalated species, diosmium
and diruthenium complexes 222a and 222b were
prepared by the Sauvage group from 3,3',5,5'-tetra-
(2-pyridyl)biphenyl (216) and [n]217 in which the
metals are attached to the 4 and 4' positions of
biphenyl and stabilized by the surrounding pyridine
units. 47418420421 The interaction between metal cen-

[n]222a: M; = M, =Os
[7]222b: M; =M, =Ru
[#]222¢: M; = Os, My =Ru

[1]223a: M| = M, = Ru(Il)
[1]223b: M = Ru(Il), M, = Ru(II)
[#]223¢: My = Os, M, =Ru

ters has been investigated. Strong electronic coupling
is observed in the mixed-valence state [Ru(lll)/Ru-
(11) or Os(111)/Os(11)] up to metal—metal distances of
20 A and has been attributed to the strong electron-
donating character of the bridge.3%¢ Besides an in-
tense MLCT band in the UV—vis, the NIR spectrum
reveals an intense intervalence transfer (IT) band.
The intensity decreases with increasing length of the
bridge but remains high even in the longest rod. The
narrow bandwidth suggests significant delocalization
in the mixed-valence species. These are most stable
when the ligand is shortest and less so when it is
longer.*t”

In the mixed-metal rod 222c [Os(I1)/Ru(ll)], no
energy transfer was observable at room tempera-
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ture.®?* At low temperatures, it occurs by the Dex-
ter®>2 mechanism. The reduced energy transfer rate
was attributed to a longer transfer pathway since the
MLCT excited states are directed toward the termi-
nal ligands.*!8

Both the dinuclear Ru(Il)/Ru(ll) complexes [n]223a
and the mixed-valence species [n]223b Ru(11)/Ru(l11)
were prepared for the complete tridentate terpyridyl-
based series [n]219 with metal-to-metal distances of
7—20 A.3%6 Electrochemical studies show that in the
Ru(ID/Ru(ll) species, the metal centers behave as
electrochemically isolated subunits. However, in the
mixed-valence species, significant electronic coupling
is observed as evidenced by a strong MLCT band and
a pronounced IT band in the NIR. The coupling is
less pronounced compared to the analogous biscyclo-
metalated series 222, but the extent of the coupling
decreases only slightly with increasing length of the
bridge.#?® Barigelletti et al.*?> used these rods to
assemble the mixed-metal complexes ([n]223c, n =
0, 1, 2) and investigated both their luminescence and
electrochemical properties. The substituents on the
end-capping terpyridyl units were used for tuning
these properties. Fast energy transfer was observed
and attributed to the Dexter3%? mechanism.4?6

From these results, it was concluded that the
phenylene spacers are very efficient transmitters of
intermetal electronic communication. However, the
orientation of the MLCT excited states involved in
the transfer process has to be taken into account for
the prediction of the rate of energy transfer. For
further details we refer to a recent microreview.36

c. Benzene/Pyridinium. Poly(pyridinium salt)s
are a well-known class of rigid-rod polymers which
attract interest as potential ionic conductors, ion- and
electron-exchange membranes,*?” and semiconduct-
ing materials.*?® However, reports of well-defined
oligomers are comparatively rare.

Synthesis. The main route to the synthesis of
phenyl-substituted pyridinium salts is the reaction
of aromatic amines with pyrylium salts,*° pyrones,*®
or dehydroacetic acid.*** This ring transformation
reaction usually proceeds in high yields if the pyry-
lium salt is sterically hindered in positions 2 and 6
(Scheme 109).429432433 The reaction resulted in the

Scheme 109
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formation of an oligomeric mixture when 2,2',6,6'-
tetraphenyl-4,4'-bis(pyrylium perchlorate) was treated
with aromatic diamines in an attempt to obtain
polymers.434435 However, no individual rods were
isolated and characterized. More recently, Harris et
al.*3% obtained oligomeric dipyridinium salts such as
224 in model studies for polymerizations (Scheme
110). Similarly, Sun and co-workers*3"438 prepared
a series of diamino-substituted pyridinium/benzene
rods as monomeric units when the aromatic diamine
was used in large excess. Pyrylium salts such as 225
used as precursors are accessible from dehydroacetic

Schwab et al.
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acid or from aromatic aldehydes and acetophe-
none#36:439.440 (Scheme 111).

Scheme 111

OHC—O—CHO i,

Ph Ph
= VAR ii. PhCO: COPh
PL h PhCO: COPh
225

i. 2 CH3COPh; ii. tetraphosphoric acid, 70 °C or Ph3C+BF4'/HOAc

Another pathway is the ring closure of dianilide
hydrochlorides in acidic medium (Scheme 112).44

Scheme 112
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Magonov et al.**? thus prepared a series of substi-
tuted phenyl and biphenyl pyridinium salts. How-
ever, the rods obtained by this method were short,
and no method for increasing the length further was
described.

Properties and Uses. Investigation of the polymers
has received much more attention than that of the
oligomers described above. The oligomers are gener-
ally thermally and chemically very stable and dis-
solve well in organic and aqueous solvents. They
show one-dimensional ionic conductivity.**®* NMR
studies show that the N-aryl group is orthogonal to
the pyridinium ring if it is substituted in positions 2
and 6, and conjugation is therefore minimal.*38

d. Benzene/Azabenzenes. These rods belong to
the general class of aza analogues of oligophenyls and
many are known.
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Synthesis. 3,6-Bis(2-pyridyl)pyrazine (226a) was
first synthesized by Butte and Case.**® The methyl-

S=A=e

226a

Scheme 113
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i. Pd(PPhy)4/toluene; ii. 1. HBr/CH3COOH, reflux, 2. POCly
ili. nBuyNI, Zn, [NiBr(PPh3),}/DMF
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substituted derivative 226b and the corresponding
bispyridylbipyrazines 227 were synthesized by Lehn
and co-workers (Scheme 113)*** and used in the self-
assembly of noncovalent architectures. The prepara-
tion of the bispyridine-substituted tetrazine ligand
228 was accomplished by Lewis and Johnson,*** and
the analogous bispyrimidine-substituted tetrazine
229 was reported by Kaim and Fees.*46

An important advance in the synthesis of aza
analogues of oligophenyls has been accomplished by
Gompper et al.**” Condensation of vinamidinium
salts (230) with amidines (231) (Scheme 114) or
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Scheme 114
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i. MeC(=N"H,)NH, (231), pyridine, heat; ii. 1. DMF-(COCI),, heat 2. H;0,
NaClOy,; iii. #~-BuOCH(NMe;),

N,N,N'-tris(trimethylsilyl)amidines (232) (Scheme
115) has yielded terminally functionalized rods with

Scheme 115
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232

up to 12 aromatic rings arranged in an unsym-
metrical or symmetrical fashion (Chart 2). The scope

Chart 2
N =
M\ /N AR n=123
— - — — m=123
" P m p=12
X =CNO,, COH, COMe, CBr, CNH,, N
n=0,12

=/ =y =] =7

n

X =CH, CBr, CNO,, COH, N
Y=CH,N
Z=CH,N
A=CH,N

of this “pyrimidine method” is very general, and
many functional groups are tolerated. Terminal
amino groups were reacted further with 2,4,6-tri-
phenylpyrylium tetrafluoroborate to yield the corre-
sponding bispyridinium salts such as 233 with two
additional aromatic rings (Scheme 116).447
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Scheme 116
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Properties and Uses. Pyridylpyrazines are chemi-
cally and physically very stable compounds with high
melting points. They can be used both to bind two
metals on the same side through the N—N chelating
moieties and to bind two metals on opposite sides by
means of N—N and C~—N chelating moieties after
deprotonation. They have been investigated as chro-
mophoric ligands in Ru,*8 Ir,**° Cu,*® and other
transition metal complexes. Mixed-metal complexes
226¢ with Ru(ll) on the N—N and Rh(lll) on the
C~—N coordination sites were reported by the Bal-
zani group.*** The electrochemical investigation of the
Cu pyridylpyrazine complex 226d revealed two sets
of reversible waves with seven one-electron processes.
The complexed metal significantly lowers the reduc-
tion potential of the ligand. The bimetallic Ru*>?
complex 228a and the cyanodiiron**3 complex 229a
have recently been prepared, and both display very
strong coupling between the metal centers in the
mixed valence species.

Oligopyrimidylenes (Chart 2) are thermally stable
and have melting points over 200 °C, in many cases
over 300 °C.*7 Their solubility depends on the length,
but even the longest rods are very soluble at least in
strong acids. UV spectra are similar to those of
oligophenyls, and deviations are attributed primarily
to different degrees of coplanarity.**” The compounds
display strong blue fluorescence both in solution and
in the solid state, and its wavelength can be tuned
by changing the number and position of the nitrogen
atoms in the rod. The heterocycles are easier to
reduce than oligophenyls. They show NLO activity
when donor—acceptor substituted.*4”

Lehn and his group have assembled pseudorotax-
ane racks and metal-complexed ladder structures
from pyrazine-pyridine rods.***

e. Benzene/Porphyrin. Synthesis. The group of
Sessler produced singly#%5456 and doubly*5” quinone-
substituted porphyrin dimers [2]234 directly linked
through a 1,4-phenylene spacer as model systems for
natural photosynthesis. These arrays hold the key

121234

Schwab et al.

biomimetic components, a metalloporphyrin, a free-
base porphyrin, and a quinone unit, in a well-defined
spatial arrangement. A similar trimeric porphyrin
[3]1234 has also been prepared by the same group
(Scheme 117).4%8

Scheme 117

31234

1. 1. HCIO4, THF/CH;0H, rt, 2. o-chloranil, 3.Pd/C, CH,Cl,
ii. 1. TFA, CH,Cly, rt, 2. o-chloranil, 3. BIs, 0 °C, 3. DDQ

The McLendon group?%4d synthesized a series of
dimeric porphyrins 235 connected through differently
2-substituted biphenyl units as a model system
mimicking intramolecular electron transfer in pro-
teins (Scheme 118). The critical step was the Zn-
mediated coupling of 236 with 3,3'-diethyl-4,4'-
dimethyl-5,5'-diformyl-2,2'-dipyrromethane (237),
followed by air oxidation.

Maruyama’s group*®® reported a generally ap-
plicable method for the preparation of conformation-
ally constrained oligomeric porphyrins sequentially
linked by a 1,4-phenylene or 4,4'-biphenyl unit. By
condensation of 5-(4-formyl)dihexylhexamethylpor-
phyrin and bis(3-ethyl-4-methyl-2-pyrrolyl)methane
238 and subsequent oxidation, they synthesized a
trimeric phenylene-linked porphyrin array. Penta-
meric porphyrins 239 bridged by 1,4-phenylene were
obtained when formyl-substituted dimeric porphyrins
240 were subjected to these conditions (Scheme 119).
The compounds were proposed as models for photo-
synthetic charge separation.

Mullen’s group*® showed that alkyl- and aryl-
substituted dipyrromethanes can be converted into
the 1,4-phenylene-bridged trisporphyrin 241 in one
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Scheme 118
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1. CCl,CO,H/CH;CN
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R
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step by a [2+2] cyclization with a monoformylated
tetraarylporphyrin. An unsymmetrical 1,4-phenylene-
bridged porphyrin dimer 242 with meso substitution
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241
R = C3H,
X = (CH,)4CHy, p-CoH4CH,

on one ring and S substitution on the other was
synthesized by Kadish et al.*6! Suzuki-type cross-

242

243

coupling was utilized by Zhou and Chan?®? in their
synthesis of a 5-to-meso porphyrin dimer 243 linked
by a 1,4-phenylene unit.

Properties and Uses. All rods mentioned above are
very stable under atmospheric conditions. The pho-
tophysical data for [2]234 and [3]234 have been
collected.*>® The Soret band splitting in the UV
increases with the number of porphyrin units. The
higher oligomers have a lower quantum yield of
fluorescence. Excitation energy is transferred rapidly
from one pigment to another prior to trapping at the
redox-active site. In McLendon’s group’s study,?%*d the
biphenyl spacers were modified to systematically
investigate the electron-transfer rate dependence on
the overall porphyrin—porphyrin dihedral angle. The
maximum transfer rate is highest at 6 = 0° and 90°
and lowest at 45°.463

The trimers 241 reported by Mullen’s group?®® were
metalated, and the interaction of the porphyrin rings
was examined by electronic absorption spectroscopy,
revealing a weak coupling between the coplanar
chromophores via the phenylene spacers which are
twisted out of the porphyrin plane by 65°. In addition,
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cyclic voltammetry showed that the Zns trimer can
be charged reversibly to the dodecaanion, with each
unit carrying four charges. Apparently, the phen-
ylene spacers effectively decouple the individual
porphyrin units, thus increasing the charge storage
capacity.*60

The electrochemical and photophysical investiga-
tion of the heterodimer 242 showed very weak
electronic interactions between the rings in the
neutral, oxidized and reduced forms.*6* However, in
the excited state emission and excitation spectra
demonstrate a very efficient energy transfer process
between the subunits of both free-base and metalated
systems whose mechanism is in agreement with the
Forster3® theory.

A cross-shaped structure 244 was assembled by
Mikami et al.*%* by substitution of a central porphyrin
ring at the meso positions with four oligophenyl arms.

R = t-butyl

244

A crystal structure shows the molecule to be ~42 A
across.

f. Benzene/Pyridine/Porphyrin. Synthesis. Rods
consisting of pyridine, benzene, and porphyrin mod-
ules were reported by the Sauvage group.#65-468
Porphyrins 245 with a terpyridyl unit directly at-
tached to a meso carbon were prepared from formyl-
terpyridyl, a substituted benzaldehyde, and a sub-
stituted pyrrole in very low yield following Lindsey’s*®°
modified version of MacDonald’s*”® methodology.
Similarly, mono- and 5,15-bis-substituted systems
246a and 246b with a phenyl spacer between the
terpyridyl units and an octaalkylporphyrin ring were
synthesized from terpyridylbenzaldehyde in low to
moderate yields.

Properties and Uses. The compounds described in
this section are very stable under normal atmo-
spheric conditions and soluble in polar organic sol-
vents. Photophysical investigations of the porphyrin—
terpyridyl diads prepared from the metalated por-
phyrin rods and Ru(ll) or Rh(lll) salts revealed a

Schwab et al.

245

246a

246b

guenching of the porphyrin fluorescence due to
extremely rapid intramolecular electron transfer in
the case of the directly linked systems 247.465466 The

247

M = Ru(11), Rh(II)

incorporation of the phenyl spacer, however, slows
the electron transfer process considerably. Charge
recombination is especially slow, leading to a charge-
separated state with an extended lifetime.*6® Systems
248 are of interest for use as molecular bridges in
multicomponent arrays for photosynthetic simula-
tion. In the Ru(ll) bisterpyridyl species, light energy
absorbed by the metal complex is transferred via the
Dexter3%2 mechanism to the triplet excited state of
the porphyrin.468

g. Benzene/Porphyrin/Arenedicarboximide.
Synthesis. The group of Wasielewski*’* reported the
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synthesis of a molecular rod 249 consisting of two
porphyrin modules connected by a rigid N,N'-diphen-
yl-3,4,9,10-perylenebis(dicarboximide) (250). The por-

R
Q O
Dl
£501881
R 249

R:C5H11

(6] O
ad
R-N N-R
85058

phyrin building block was prepared in moderate yield
by condensation of hexanal, p-nitrobenzaldehyde, and
pyrrol following Lindsey’s protocol,*6® and after re-
duction to the amine, it was condensed with perylene-
tetracarboxydianhydride to yield 249. Similar sys-
tems have been produced by Osuka and his group*’2473
to mimic the primary charge separation in natural
photosynthesis, but they contain methylene linkages
and are thus not entirely rigid. The methylenechlo-
rin/porphyrin/pyromellitimide rod 251 was synthe-
sized by condensing the methylenechlorin unit with
dipyrrylmethane and the pyromellitimide-linked
benzaldehyde. Imahori et al.#’# incorporated a fuller-
ene unit at the terminus of a porphyrin/phenyl/
pyromellitimide rod as a building block in the pro-
posed construction of a solar energy conversion
system. The pyromellitimide-substituted porphyrin
252 was obtained by cross condensation between
aminoporphyrin, pyromellitic anhydride, and a pro-
tected formylaniline and reacted with N-methylglycin
and Cg, followed by metalation of the porphyrin.

252

R= t-butyl Fu= C60

Several arenedicarboximides have been combined in
the synthesis of a molecular switch 253 (Scheme
120).%18

Properties. Wasielewski’'s group*’* showed that 250
serves as an excellent electron acceptor comparable
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in its reduction potential to benzoquinone and that
rods such as 249 can be reversibly reduced with
either one or two electrons. The resulting mono- and
dianions feature characteristic well separated intense
absorption peaks. The ion pairs in the monoanionic
species recombine on a time scale of about 100 ps,
and the lifetime of the dianionic species is about 50
times longer. Depending on the intensity of the light
used in the excitation, the system switches between
being a strong transient absorber at the monoanion
and at the dianion wavelengths, thus constituting a
light-intensity-dependent optical switch. It was pos-
tulated that two different excitation wavelengths
could be used for the switching, the first one at the
absorption peak of 250 to produce the monoanion and
the second one at the absorption of the remaining
ground-state porphyrin to initiate the second electron
transfer. This would in principle allow the perfor-
mance of logic operations.*™

Osuka’s*”? rod 251 displays weak interactions
between the macrocycles in the ground state. Steady-
state fluorescence spectra show emission only from
the methylenechlorin unit, indicating efficient in-
tramolecular electron transfer. Transient absorption
spectroscopy was used to elucidate the excited-state
dynamics both of the free base and the metalated
species. The system containing the free-base porphy-
rin follows a stepwise electron-transfer relay, while
in the metalated counterpart, a direct superexchange
mechanism seems to be involved as well. The ion-
pair states are long-lived in a nonpolar environment
and can be observed directly.*"

The fullerene-containing triad 252 features a se-
guential electron-transfer relay with a charge-
separated species with a lifetime in the picosecond
range.4™

6. Cage/Other/Other

a. Bicyclo[2.2.2]octane/Pyridine/Other. Syn-
thesis. Vogtle et al.4”> converted the two ethylene
units of 1,4-bis[2,2'-bipyridin-5-yl)ethenyl]bicyclo-
[2.2.2]octane (254, cf. Part 2'°) into two acetylene
units by addition of Br, and subsequent double
dehydrobromination to obtain the bicyclo[2.2.2]octane/
ethyne/pyridine co-oligomer 255 (Scheme 121). Bari-
geletti et al.*’® synthesized a terpyridyl-terminated
rod 256 using a Suzuki-type aryl—aryl coupling in
the key step (Scheme 122).

Properties and Uses. The rods are thermally and
chemically stable under ambient conditions. Mono-
and dinuclear complexes of both rods with Ru and
Os have been prepared.36647> The bipyridyl-based
species 255 separates the metal centers by 17 A and
the terpyridyl-capped system 256 by 24 A. Each
metal unit behaves independently with regard to
absorption and electrochemical properties. It is note-
worthy that the superimposed absorption spectra of
the three dinuclear compounds (Os/Os, Ru/Ru and
Os/Ru) derived from 255 exhibit two isosbestic
points.*’> Apparently, the bicyclo[2.2.2]octane unit
effectively inhibits electronic communication between
the metal centers in the ground state, virtually
isolating the two chromophoric units.
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In the mixed-metal complex [Os(11)/Ru(ll)] of 255,
a very efficient energy transfer with a small transfer
rate takes place after excitation at room temperature,
causing the sensitized emission of the Os-based
unit.#’® The results can be accounted for quantita-
tively by assuming the Forster mechanism.3® Energy
transfer in the heterometallic derivative of 256 [Os-
(I)/Ru(11)] was observed only in a rigid matrix at 77
K but with an even smaller rate than in that of 255
at room temperature.*’® The short excited-state life-
time of the Ru-based moiety prevents energy transfer
at higher temperatures. Electron transfer in the
oxidized species [Os(111)/Ru(l1)] does not occur even
at 77 K.366

The examples show nicely that saturated hydro-
carbon fragments are effective electronic insulators
between metal centers in the ground state. Since
energy transfer in the excited state remains a pos-
sibility depending on rod length, binding site, and
oxidation states, the incorporation of bicyclo[2.2.2]-
octane into nanostructures offers an important way
of electronically fine-tuning the device. It would be
very interesting to compare the behavior and effects

O DO - OO

i. benzene, Hy8Oy; ii. Bry, Fe, CCly; iii. 1. +-BuLi, THF 2.(RO),BOMe
iv. Pd(dppb)Cl,, NayCOs, ethanol, toluene

of other cage modules in similar systems systemati-
cally.

b. Bicyclo[2.2.2]octane/Porphyrin/Other. Syn-
thesis. Porphyrin/phenylene/bicyclo[2.2.2]octane rods
257 have been synthesized by the Dervan group*’”
via condensation of tetrapyrroles with aldehydes to
form meso-substituted porphyrins (Scheme 123).

Properties and Uses. The compounds are thermally
and air stable. Fluorescence yield measurements
showed a marked distance dependence of the in-
tramolecular electron-transfer rate from the porphy-
rin excited singlet state to the quinone moiety.*’” The
temperature dependence of electron-transfer rates
was found to be weak both in polar and nonpolar
solvents.4"8
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Scheme 123

[#]257 n=1,2

i. 1. 1,4-Dimethoxybenzene, BF3’ p-TsOH, CCl,CHCI, heat

2. n-BuLi, THF, -78°C 3. DMF, -78°C; ii. 1. HBr, HOAc, CH;OH, heat
2. BF5, p-TsOH, benzene, 60°C

IV. Doubly Linked Axial Rods

A. Cumulenes

In cumulenes, adjacent ethylene modules share
carbon atoms. Like oligoynes, these are rods of pure
carbon. Terminal substituents can be attached by one
or two single bonds or a double bond. When redox-
active groups are located at the termini, particularly
metals, a close relation between cumulenes and
oligoynes becomes apparent: whether the rod should
be classified as a cumulene or an oligoyne depends
on the oxidation state, e.g., Gladysz's*”® and Lap-
inte’s™® complexes of C4 chains can exist both in a
butadiyne and a butatriene form depending on the
degree of oxidation, and the two electron reduction
of tetraarylbutatrienes causes a shift of bonds and
the formation of acetylenic dianions.*8°

As in the case of oligoynes, we find it expedient to
treat separately cumulene rods with organic terminal
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substituents and those with metal terminal substit-
uents.

1. Organic Terminal Substitution

Synthesis. The history of cumulenes ([n]15) started
in 1887 when Burton and Pechmann prepared the
first allene derivative, which they mistook for the
corresponding acetylene derivative.** Cumulenes
with up to 10 carbon atoms in the chain are now
known.

Methods of synthesis of [n]15 are discussed in
great detail in several reviews*248 and in a compila-
tion of synthetic procedures.®® The most general
methods include the elimination reactions of suitable
halides (Scheme 124a—c), vinylogous propargylic
rearrangements (Kuhn’s method, Scheme 124c), and
the Wittig reaction of cumulenic ylids (Scheme
124d).482 Addition of bromocarbene and subsequent
dehalogenation of the resulting gem-dibromocyclo-
propane extends the chain by one carbon atom
(Doering—Moore—Skattebgl  synthesis, Scheme
124e).%82 The procedure, however, requires drastic
conditions and the use of strong bases and is not
generally applicable to the synthesis of the parent
and alkyl-substituted cumulenes.*®? Dimerization of
carbenoids obtained from two types of precursors
doubles the length of cumulenes (Scheme 124f,g).482
Retro-Diels—Alder reaction has also been used to
prepare these structures (Scheme 124h).48 Bildstein
et al.*® accomplished the synthesis of the first air-
stable Cs-cumulenic salt 258 from 1,1-diferrocenyl-
1-methoxypropyne applying a metalation, iodination,
cross-coupling and dehydration scheme. The neutral
tetraferrocenyl-Cs-cumulene 259 was prepared by
treating the protonated Cs-cumulenic salt precursor
with a “superbase”.*®* Dua et al.*®® produced the
carbenoid cumulene C¢CH,; 260 in the gas phase by
charge stripping of the corresponding radical anion,
which is generated in the reaction of HO™ with DCe-
CH,OEt and subsequent loss of EtO-.

Properties and Uses. Parent cumulenes and those
substituted with small alkyls are not stable ther-
mally.*82 However, their stability is significantly
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increased upon introduction of tert-butyl and aryl
substituents or when the terminal carbons are part
of a cage or a cycle.*®? For example, bis(adamantyl-
ene)pentatetraene ([5]261) is stable up to 360 °C.486

The flexibility of the cumulenic backbone is con-
siderable (Table 3). Several macrocycles containing
cumulene fragments have been reported, but the
limiting ring size for incorporating such units is not
known.*82

Chemical instability is one of the major factors
limiting application of cumulene rods in supramo-
lecular assembly. Cumulenes react readily with
strong acids, bases, and many other reagents. They
are strong s donors.*%’

2. Metal Terminal Substitution

A fair number of known cumulene rods carry a
metal atom at the terminus. In addition to possible
applications in material science, their catalytic po-
tential has recently been recognized.*®® Vinylidene
complexes have been investigated extensively, and
their chemistry has been reviewed elsewhere.*8

Synthesis. After the discovery of allenylidene metal
complexes,*®° various methods*®® have been developed
for their synthesis. Most convenient is the synthesis
from terminal alkynols, a reaction that has been
discovered by Selegue** when he treated the electron-
rich ruthenium complex [CpRu(PMejs),(Cl)] with HC=
CCPh,0OH to obtain the cation 262 (Scheme 125).

Scheme 125
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i. NH4PF,, EtOH

Another example is due to Werner et al.,**? who
prepared the first (allenylidene)rhodium complex 263
with a hydrogen substituent on the y carbon and
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obtained the first X-ray structure of a compound with
a Rh=C=C=CRR'’ chain (Scheme 126). The corre-

Scheme 126
Cp . PiPr; H
Rh~Cl —'= Cp-Rh= 2
iPr3P aPl‘PI'} 151]31‘3 R’
H
|- H,0
PiPr3 R
Cp-Rh=—
PiPI‘}
263
R =H, Mg, iPr
R'=Ph, iPr

sponding Ir-containing complexes are also known.4%3
Diaminoallenylidene complexes 264 were reported by
Roth and Fischer*®* (Scheme 127).

Scheme 127
(CO)sM[THF] ©=—C(NMe;);
BF;-OFEt,
. 4NM€2
COM===Crte,  M=W,Cr

264

The higher cumulogues have attracted interest
recently, and the Dixneuf*®® group isolated the first
metalated Cs cumulene 265 (Scheme 128). A similar

Scheme 128
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Ir-containing rod 266 was synthesized by Werner and
co-workers (Scheme 129).4% Roth and Fischer*®*
reported the counterparts 267 with electron-poor
group 6 metal—ligand fragments (Scheme 130). These
authors*®” also attempted the synthesis of the next
higher homologues, the heptahexaenylidene com-
plexes, but were unable to isolate and characterize
them. It appears that the intermediate Cs cumulene
added dimethylamine to the C,—Cs bond.
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Scheme 129
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Some known cumulene rods carry metal atoms at
both termini. Woodworth et al.'%” reported the syn-

thesis of a dianionic C4-bridged dimer 268 (Scheme
131). Gladysz and co-workers*®® showed that the

Scheme 131
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abstraction of methoxide from bimetallic Fischer
carbene species yields C; and Cs cumulene rods with
metalated termini (Scheme 132). Of the compounds
characterized, only the heterobimetallic sandwich
complexes with Re and Mn centers were linear. The
Fischer carbenes of the C; series, such as 269, were
obtained*®® from the lithiated rhenium monoacetyl-
ides 270 by treatment with the metal carbonyls, Fe-
(CO)s, CpMnN(CO)3, and Re(CO)s. For the Cs homo-
logues, only the pentachlorinated Mn half-sandwich
complex proved to be reactive enough for the nucleo-
philic addition, yielding 271.

Properties and Uses. The isolated W and Cr pen-
tacarbonyltetranylidenes 267 are stable in air and
decompose only above 100 °C.*** Their chemical
reactivity is dominated by the electrophilicity of the
central carbon atom. The linear complex 265 is stable
in THF, but slight modifications of the ligands
drastically increases its lability.*®® The remaining Cl
ligand offers a site for further elaboration. The
stability of the pure Ir-based compound 266 is very
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high both in nonpolar solutions and in the solid state,
and the melting point is over 100 °C.*%

The Cs cumulene rod 271 is extremely light sensi-
tive and decomposes in solution within hours even
in the dark, while the C3; analogue 269 shows no
unusual photochemical or thermal reactivity.*%

B. Carbocyclic Spiro Rods

Homooligomers of the doubly linked modules other
than ethene are connected by shared spiro carbons.
Relatively few axial rods of this type are known.

Synthesis. The original synthesis of Fecht's acid
(272, Scheme 133),%° the first reported compound

Scheme 133
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containing the spiro[3.3]heptane unit, has been sig-
nificantly improved by Rice and Grogan®® and Buch-
ta and Geibel.5%* The latter group pursued the
synthesis of the oligo[spiro(cyclobutane)] rods [N]16
with up to 11 cycles (Scheme 134).5°2 Synthesis of a
rod series with dendrimer substituents has been
reported more recently by Newkome et al.>%

Three cyclohexane modules are spiro connected in
[3]17, obtained by an iterative synthesis by Feuer-
bacher and Vogtle.®® Spiro[5.5]undeca-1,4,7,10-tet-

R

13117

raene-3,9-dione (273) has been prepared from the
spirodienone 274 in five steps (Scheme 135).504
Properties and Uses. Unsubstituted spiro rods are
thermally stable, e.g., higher oligo[spiro(cyclobu-
tane)]s melt without decomposition at 250—275
°C.52 The rods containing only sp3-hybridized car-
bons are expected to be transparent in the UV and
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visible regions in the absence of chromophoric sub-
stituents. The oligomers with an even number of
cyclobutane rings and unsymmetric substitution of
both termini are chiral and weakly optically active.5%°
The relative rigidity of the tri- and tetra[spiro-
(cyclobutane)] moieties was suggested as a possible
rationalization for the low propensity of the spiro
surfactants 275 and 276 to form micelles and for the
lack of expected phase transitions in vesicles formed
by the spiro phospholipids 277 and 278.5%

CH,N"(CH;);Br’

275

: : : : CH,N"(CH;)3Br’
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C. Heterocyclic Spiro Rods

Synthesis. Spirocyclic sulfides [2]279, [3]279, and
[41279 were synthesized by Seitz and Mikulla%°¢ by
double cyclization of the corresponding tetramethanol
derivatives (Scheme 136). The oxygen analogues 280
were also prepared along with the mixed oxygen—
sulfur rods 281.507
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Properties and Uses. These compounds are air-
stable, low-melting solids. The double thioethers were
used as ligands in Ru(ll) complexes,®%® with metal—
metal through-bond distances from 11.3 to 17.5 A.
Intervalence transfer bands were observed for the
series of the mixed valence binuclear Ru compounds
and were used to deduce high electron-transfer rate
constants. Apparently, electrons tunnel fairly ef-
fectively through the o framework. CNDO/2 calcula-
tions showed that the orbitals were ideally set up for
“sideways sz overlap” providing a hyperconjugative
pathway for the electron transfer. Photoelectron
spectra indicate that the spiro ligands with an odd
number of rings interact differently with metal atoms
than those with an even number of rings.5%8

D. Co-Oligomers

1. Ethene//Cycloalkane

In oligomeric cyclobuta-1,3-diylidenes ([n]282,
Scheme 137) and cyclohexa-1,4-diylidenes ([n]283,

Scheme 137
AgBF, or Rh(])
@ - =<>=%<>%L + other products
2 n=12
[n+1]282

Scheme 138), puckered aliphatic cycles are linked by
Scheme 138

1Oro M O - OO

Pb(OAG), O(W A P(OEY), <:>=<:>
N—-N

[2]283
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double bonds. Rigidity is moderate and is provided

SNSRI

[3]283a

MNOH
n-1

[1]283b

oo
n

[n]284

-

[n]285

by the conformational stability of the puckered rings,
which is presumably higher in the six-membered
rings of 283.

Synthesis. The dimer [2]282 and the trimer [3]282
result from transition-metal-catalyzed reaction of
[1.1.1]propellane (Scheme 137).1%6 Oligomers [2]283—
[5]283 have been prepared by the group of Jen-
neskens®® by nitrogen extrusion from the correspond-
ing diazo precursors (Barton—Kellogg olefin synthesis)
(Scheme 138). The same method was used earlier by
Vogtle et al.>® and McMurry et al 51513 to prepare
the terminal diones of [4]284 and [5]284, respec-
tively.

Properties and Uses. The oligomers are stable to
air and organic solvents.®® Thermal stability in-
creases with length.5%° The higher oligomers [n]283
are marginally soluble in common solvents, but
introduction of alkoxy substituents at the termini
improves solubility markedly. The expected all-trans
conformation has been confirmed by an X-ray study
of [3]1283a.5%° The terminal diones [4]284 and [5]284
cyclize under McMurry coupling conditions into the
compounds [4]285°%1° and [5]285,511512 respectively,
but in extremely low yields. Clearly, the rods are
relatively flexible.

No evidence for any chemical instability of oligo-
mers 283 has been reported, but an excess of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone oxidizes oligo-
(cyclohex-1,4-ylidene)s into the corresponding p-oligo-
phenylenes.%® An oxime group in the terminal posi-
tion of [n]283b detectably affects the chemical shift
of a carbon atom located 7 A away along the rod.54

2. Ethene//Cyclohexadiene

Oligoquinylidenes ([n]286) are expected to have
low-lying biradical states with aromatic benzene
rings. Indeed, at ambient conditions, the trimer and
the tetramer of 1,4-quinylidene terminated by car-
bonyl groups ([3]286a and [4]286a) exist as the
corresponding p-oligophenylenedioxy biradicals 287
(Scheme 139).51® Aromatic stabilization of the central
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Scheme 139
Ph Ph Ph Ph
ambient
LK o 2 ol O o
Pl " Ph conditions Ph n Ph
[1]286 287

ring in anthracene derivatives is much smaller than
that in phenylenes. Presumably this is the reason
bianthrone [2]288 is stable at ambient conditions.5%®
Bianthrone ([2]288) was used by Mtllen’s group?¥”
as an intermediate in the synthesis of oligoan-
thrylenes (section 111.C.2.b).

[2]288

3. Ethene//Stellane

Synthesis. Tricyclo[3.3.0.0°"]hexane (stellane) mod-
ules are the smallest hydrocarbon cages that can be
used as axial units connected by double bonds. The
cage can be prepared in two steps from cyclopenta-
diene precursors.5167522 Spijro-type homo-oligomers
are not known, but co-oligomers of stellane with
ethene 289 have been synthesized by the McMurry
coupling of the appropriate ketones (Scheme 140).523

Properties and Uses. Electronic interaction between
different - moieties through the stellane bridge has
been evaluated by means of photoelectron spectros-
copy and is much larger than the interaction through
the 1,4-cyclohexylidene bridge. 54526

4. Ethene//Adamantane

The spiro oligomers of adamantane are not known,
but the co-oligomers with ethene, [2]290a—[4]290a,
as well as the terminal diketals [2]290b—[4]290b
and diones [2]290c—[4]290c, were prepared by
McMurry coupling (Scheme 141).5%7 The dimer [2]290c
is linear, while the trimer [3]290c is bent 22.4° in a
crystal because of a distortion of one of the terminal
adamantane cages.5?’

5. Ethene//Diazafluorene

Synthesis. The co-oligomer 291 of two bidentate
4 ,5-diazafluorene ligands with a single ethene is
known. It was synthesized by Riklin and von Zelew-
sky (Scheme 142).52% Mono- and dinuclear Ru com-
plexes have been prepared, and the latter exist in two
diastereoisomeric forms.5®

Properties and Uses. The compound is very stable
under normal atmospheric conditions. The molecule
was calculated to adopt a twisted conformation and
consequently shows axial chirality. The UV—vis
spectrum shows a strong absorption band at 417 nm,
which was attributed to a TICT state, as in 9,9'-
bifluorenylidene. The cyclic voltammogram shows
two successive one-electron reduction steps. Com-
pared to o-phenanthroline, the 4,5-diazafluorenone
molecule is distorted, resulting in a reduced nitrogen—
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Scheme 140
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i. KMnO,, KOH; ii. H,NNHy; iii. DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone)

metal overlap. However, the metal coordination abil-
ity is maintained.52®

6. Tetrathiafulvalenes

Among numerous oligotetrathiafulvalenes
(In]292),5%° only those with fused monomer units
possess sufficient rigidity to be considered as molec-
ular rods. The tetrathiafulvalene (TTF) groups may
be fused to each other directly, as in the oligomers
[n]292a,5%° and through benzene or quinone rings,
as in [n]292b and [N]292c.%3! In our classification
scheme, the fused rings linked by C=C modules, not
the TTF groups, must be considered as the other
module in these co-oligomers.

Synthesis. Individual oligomers [n]292a%° and
[N]292b53275%5 with up to three TTF groups and a

292d

mixture of oligomers [n]292b with 15—20 mono-
mers®¥? have been prepared. The oligomers are
formed by a trialkyl phosphite-mediated coupling of
bis-1,3-dithiol-2-thiones (293)%325% or by a reaction
of the lithium salt 294 with the fused ring precursor
thiones 293 with subsequent oxidative extrusion of
dimethyl disulfide (Scheme 143).532.533537.538 The |atter
method permits unsymmetrical coupling and gives
higher yields.

Properties and Uses. Oligo(tetrathiafulvalene)s are
strong electron donors and can reversibly transfer up
to two electrons per monomer unit. They can be used
as electroactive conducting rods. Conductivity of up
t0 160 S cm~! and metallic behavior up to 120 K have
been observed for some radical—cation salts of TTF
rods with Au(CN)..%%° The TTF group permits the
rods to bend easily in the direction perpendicular to
the ring plane, as illustrated by the synthesis of a
cyclic compound 292d by Millen’s group.532:540541 The
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Scheme 143
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unsubstituted tetrathia-s-indacene precursor is not
soluble in organic solvents,®? but two 3,5-di-tert-
butylbenzyloxy substituents per indacene unit make
the oligomers [N]292b very soluble.533

7. Ethene//Adamantane//Other

Synthesis. Bernhard and Belser®*® prepared ada-
mantane-2,6-bis(4,5-diazafluorenenylidene) (295) and
2,6-adamantanebis(1,3-dihydro-1,1,3,3-tetramethyl-
7,8-diazacyclopenta[l]phenanthren)-2-ylidene (296)
by condensing adamantane-2,6-dithione (297) with
9-diazo-4,5-diazafluorene (298) and 2-diazo-1,3-dihy-
dro-1,1,3,3-tetramethyl-7,8-diazacyclopenta[1]phen-
anthrene-2-hydrazone (299), respectively (Scheme
144).

Scheme 144

295

i. 1. THF/pyridine, rt 2. P(Bu)s/pyridine, 140°C; ii. 1. tosylhydrazide, EtOH,
1t 2. aq. NaOH, MeOH, CHCl;, reflux; iii. PPhy, CHCl;, reflux

Properties and Uses. Both compounds are stable
under normal atmospheric conditions. The bridging
ligands are rigid and binuclear complexes have been
prepared.> While 295 displays a reduced ligand field
strength compared to an unsplayed 2,2'-bipyridyl,
296 combines both the electronic qualities of phenan-
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throline and the structural advantage of connecting
metal centers along the coordination axis.?¢°

8. Ethenel//Cyclohexadiene//Other

Synthesis. A tetra-tert-butyl derivative 300 of the
dihydrodithiapentalenediylidene-extended dipheno-
guinone was synthesized by Takahashi and Ogiya-
ma®* in five steps from dithiapentalene 301 using
Pd-catalyzed cross-coupling reactions between the
organozinc derivatives of 301 and 1-iodo-4-(trimeth-
ylsilyl)methoxybenzene 302 in the key steps (Scheme
145).

Scheme 145
S i S
4 e 4
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B
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)
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Bu 300 Bu

i. 1. -BuLi, ether, 0 °C, 2. ZnCly, THF; ii. PAC1,(PPh3),, THF, i-BuAlH,,
hexane; iii. 12 M HCI, THF, RT; iv. K3[Fe(CN)4], benzene, aq. KOH, RT

Properties and Uses. The rod is quite stable in the
solid state and in solution in common organic sol-
vents. At ordinary temperatures, rotation around the
intercyclic bonds is sufficiently hindered. Cyclic vol-
tammography reveals the occurrence of a two-stage
one-electron reduction and a two-stage one-electron
oxidation. The second oxidation wave is irreversible.
The compound is the first closed-shell amphoteric
four-stage redox system involving different redox-
active units. Both its radical anion and radical cation
are stable, characterizable species.>**

V. Concluding Remarks

Although we anticipate a more comprehensive
commentary at the end of Part 2,*° a few comments
seem in place.

The very large number of studies dedicated to the
synthesis of axial rods and to the examination of their
properties has made it possible to choose rods ac-
cording to need to a degree that is amazing in some
parts but still somewhat disappointing in others. The
variety of axial modules available presently permits
the design of rods of arbitrary length tailored to the
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nearest angstrom or even more finely, and rod
thickness can be adjusted by the addition of substit-
uents. The remaining synthetic challenges have been
mentioned along the way, selective end-to-end cross-
coupling of cage modules being perhaps the most
pressing. All the axial rod modules are quite similar
with regard to the flexibility of the resulting rods,
and it is clear that stiffer rods will have to be sought
either in bundles of axial rods of the types available
today or in altogether different types of structures,
such as fused polycyclic cages or carbon nanotubes.

With regard to electronic properties, the modules
used to build axial rods are of two types: insulating
and conducting, with little if anything in between.
The transmission of electronic effects through a rod
falls off roughly exponentially with its length. A
single insulating module included in a set of well
conducting modules suffices to suppress conduction
by about an order of magnitude. Structurally, this
division of rod modules in two classes corresponds
well to saturated and conjugated hydrocarbons.
Although the carborane modules have not yet been
investigated sufficiently to make a definitive state-
ment, they appear to belong to the aliphatic family.
Despite considerable recent advances, we are still far
from being able to make general predictions of energy
and charge transfer rates and even farther from
being able to control them by reversible chemical
transformations, as would be desirable for a molec-
ular field-effect transistor.
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