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Preface

The carbon-carbon triple bond is a common structural motif in organic chemistry.
Only during the past two decades, however, has it become a mainstay in the tool-
box of synthetic organic chemists, biochemists, and materials scientists. Both as a
building block and as a versatile synthon, the fascinating and sometimes unpre-
dictable chemistry associated with the alkyne moiety has fueled many of the
most recent advances. A decade ago, the monograph Modern Acetylene Chemistry
documented an emerging renaissance in the chemistry of the carbon-carbon triple
bond. Over the past ten years, this renaissance has evolved at an astounding rate
and acetylenes now constitute a principal class of compounds in nearly all areas
of chemistry and materials science.

The explosive growth of acetylene chemistry has particularly benefited from the
development of new synthetic methodology based on transition metal catalysts and
metal acetylides. An acetylene unit can now be introduced into nearly any desired
molecule, large or small, often with surprising ease. Metal acetylides are key com-
ponents for generating new nucleophilic reagents suitable for asymmetric addition
reactions into electrophilic multiple bonds. The chemistry of early transition metal
acetylides is especially rich, providing a fascinating class of compounds with re-
markable synthetic potential. Acetylene chemistry has also driven the development
of new methodology such as electrophilic addition reactions that allow the deriva-
tization of this high-energy functional group into hetero- and carbocycles of signif-
icant interest to both synthetic and medicinal chemists. Alkynes are also versatile
synthetic building blocks for the formation of natural product analogues and
hybrid structures. For example, combining the hydrophobic, rigid, and linear attri-
butes of acetylenes with the hydrophilic and chiral framework of carbohydrates
affords derivatives with interesting structural properties and biological activity.

The advent of fullerene and nanotube chemistry in the 1990s inspired the search
for other molecular carbon allotropes, and the hunt for both linear and cyclic allo-
tropes consisting of sp-hybridized carbon continues in earnest. The study of car-
bon clusters, both linear and cyclic, spans from astrophysics to fullerene formation
and advances in synthetic methodology are propelling efforts on all fronts. Acety-
lenic carbon rings can now be generated in the gas phase by a number of routes,
while acyclic polyynes with lengths of several nanometers can be produced in un-
precedented quantities with a range of terminal appendages. Cleverly designed
acetylenic scaffolds can also serve as precursors to carbon-rich structures such as
fullerenes and bucky onions. These recent discoveries provide for the tantalizing
possibility of designer fullerenes with engineered shape and size.



Vi

Preface

Structural rigidity and electronic communication which is essentially unper-
turbed by conformational effects are the hallmarks of the acetylene moiety.
These attributes make it a highly versatile component for conjugated scaffolds, espe-
cially when coupled with the extraordinary advances that have been achieved in
metal catalyzed cross-coupling reactions. Nowhere is this more evident than in
the spectacular array of molecules that have been assembled based on an arylene
ethynylene framework. The synthesis of macrocycles based on arylacetylenes has
now evolved to the point where constitution, physical properties, and chemical
reactivity can be controlled in exquisite detail. Many of these molecules have
been structurally tailored to exhibit specific properties of use in semiconductors,
nonlinear optical media, liquid crystals, and sensors. Shape persistent acetylenic
macrocycles can provide ordered systems based both on super- and supramolecular
chemistry, resulting in tubular superstructures, two-dimensional networks, hosts for
molecular recognition, and even adaptable systems that conform to external stimuli.
Oligomeric, dendrimeric, and polymeric systems based on arylene ethynylene sub-
units are now widely viewed as some of the most important semiconducting organic
materials. Vital to the successful application of these materials is the development of
a much more thorough understanding of the key aspects of their synthesis, electro-
nic structure, and organization into well-ordered films. The fruits of these efforts
include synthetic polymers with programmed solid-state organization and ultra-sen-
sitive molecular sensors for TNT. Arylene ethynylene structures incorporating chiral
1,1’-binaphthyl subunits provide yet another appealing dimension to these materi-
als, and optically active acetylenic scaffolds suitable for asymmetric catalysis, non-
linear optics, and polarized emission have all been realized.

Complementing the efforts of synthetic and experimental chemists are the sub-
stantial achievements of theoretical chemists in their ability to both model and pre-
dict the properties of acetylene-rich molecules. The ever-increasing power of com-
putational hardware, coupled with the development of new and improved numer-
ical methods, have made theoretical modeling a vital tool in the evolution of mod-
ern acetylene chemistry. These efforts have shed light on topics ranging from the
fundamentals of homoconjugation to the prospect of utilizing acetylene-based
molecular wires as components in molecular electronics.

The eleven expert authors that have contributed to this monograph collectively
offer a rich overview of the modern face of acetylene chemistry, as well as a detailed
analysis of more subtle aspects that can dictate the success or failure of a particular
experiment. Considerable emphasis has been placed on outlining the most recent
advances in key areas of this discipline. We hope that this monograph offers to the
novice a taste of the fundamental issues that motivate this exciting field of science,
and to the expert the specific details on synthesis and applications necessary to
stimulate the future of acetylene chemistry.

The editors wish to thank Dr. Elke Maase at Wiley-VCH for an enjoyable colla-
boration in the preparation of this book and Ms. Annie Tykwinski for designing
the cover art.

November, 2004 F. Diederich, P.]J. Stang, R. R. Tykwinski
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1
Theoretical Studies on Acetylenic Scaffolds

Remi Chawvin and Christine Lepetit

1.1
Introduction

Ten years ago, Houk demonstrated that along with experimental analysis, theore-
tical analysis could not be ignored for advanced understanding of the specific prop-
erties of acetylenic compounds [1]. In recent years, the growing power of computa-
tional facilities, the optimized implementation of performant methods in various
software packages, and the development of new theoretical tools (faster and ex-
tended coupled cluster (CC) methods, new density functional theory (DFT) func-
tionals, time-dependent DFT (TDDFT), advanced topological treatments of the in-
formation contained in the electron density through the atoms in molecules (AIM)
[2], and electron localization function (ELF) [3] methods,...) prompted more and
more chemists to consider theoretical modeling as a key tool. This tool is used
at either of two levels: (i) a posteriori, for analysis of the properties of known com-
pounds, or (ii) a priori, for selection of synthetic targets with specific properties
among potential molecular structures suggested by empirical laws governing the
chemist’s intuition. This intuition is formally sustained by more systematic sug-
gestion tools, such as the “analogy principle” (variation of some structural unit
through structural units with the same valence, such as a terminal atom through
all the halogens), the “vinylogy”, “cumulogy”, or “ethynylogy” principles (insertion
of CH=CH, C=C, or C=C units between a few pairs of conjugated atoms), or the
“carbo-mer principle” (insertion of C,-C,, units into at least all symmetry-related
bonds of a Lewis structure (Scheme 1.1)) [4]. The last of these principles allows
for fine-tuning of the notion of carbon-rich molecules [5] to a notion of carbon-

X—Y = x—(czca—Y =Y x=€c=c%=y X=Y = XEéC—C%EY

Scheme 1.1  Acetylenic expansions, becoming carbo-meric expansions if applied to complete sets
of symmetry-related bonds of a parent molecule [4].
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enriched molecules: indeed, carbo-merization does not corrupt the personality of a
parent molecule “too much”, as it preserves many of its basic features (connectivity,
symmetry, shape, m-electron resonance, CIP configuration of asymmetric centers,
...), while just expanding its size through its acetylenic content.

A natural question concerns the variation of pre-existing or emerging properties
as a function of the acetylenic content. Theoretical modeling allows for systematic
screening and targeting prior to the undertaking of possibly tedious experimental
syntheses. It should be emphasized, however, that many constructed expanded
acetylenic scaffolds intentionally contain butadiynyl units (C,) and are quite sym-
metrical. This holds to the efficiency and variety of oxidative C,,-C,, coupling pro-
cedures from terminal alkynes, which also motivated theoretical investigations of
their mechanism [6].

This chapter presents selected advances (with special emphasis on results
published since 1995) in the theoretical analysis or prediction of the properties
of acetylenic scaffolds in a sequence based on dimensionality [7]:

1.2 Linear acetylenic scaffolds

1.3 Cyclic acetylenic scaffolds

1.4 Star-shaped acetylenic scaffolds
1.5 Cage acetylenic scaffolds

1.2
Linear Acetylenic Scaffolds

1.2.1
The Dicarbon Molecule and Acetylene

The empirically observed statistical even/odd carbon atom disparity in organic mo-
lecules [8] can be arithmetically interpreted by saying that the latter are made of
“carbon pairs” rather than of carbon atoms. The bonded carbon pair, C,, is the uni-
tary “brick” of acetylenic scaffolds. This molecule can be observed in the form of
the blue light of hot hydrocarbon flames [9] (e. g., during the pyrolysis of acetylene
itself [10]), but also occurs under various conditions (diamond vapor deposition,
laser ablation of graphite, in carbon-rich stars and comets...), and it was quickly
proposed that it might assemble into the Cgq, fullerene [11]. The MO diagram of
the 'Z," ground state corresponds to the (20,)*(20,)*(1m,)* configuration, and is
nearly degenerate with the first triplet state (’IL,). For the 'Z," state, the simplest
orbital criterion (six bonding and two anti-bonding electrons) corresponds to the
:C=C: description. Higher bond orders (approximately 3.7) were, however, as-
signed by Wiberg or natural population analysis (NPA) [12], in accordance with
the experimentally determined bond length (1.242 A) and harmonic frequency
(1855.0 cm™) [13], which are well reproduced by CCSDT methods and non-iterative
approximation thereof [14]. The bond is indeed shorter than more stable C,,=C,,
double bonds (e. g., approximately 1.280 A for butatriene at various experimental
and theoretical levels [15]). The 12g+ state was thus depicted as a resonance hybrid
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Figure 1.1 Localization domains of
the acetylene molecule (ELF = 0.8) [3a].
The two red basins represent the carbon
inner shells; the two blue ones the C—H
bonds, and the green torus the C=C
bond.

:C=C:>:CZC-+»>-CZC:, as derived from Feynman’s diagrams [16]. If the formal
C=C octet form is excluded [12], the classical Lewis resonance accounting both
for the spin state and for the bond length of the 'X," state would be:
:C=C:>"C=C:«>:C=C". Similarly, a consistent picture for the ’II, state would
be :C-C:"¢>-C=C.. These pictures suggest that the C, units might efficiently
transmit 7 electron delocalization (vide infra).

In unstrained bonding situations, the biscarbenic character of the C, unit disap-
pears. In acetylene, for example, the chemical shape of the three-bond rod can be
visualized through the ELF localization domains (Figure 1.1) [3a]. According to the
axial symmetry of the molecule, the three bond domains expected for the triple C-C
bond are degenerate and merged into a torus: there is no o/m separation, in
variance with the classical view of organic chemists.

1.2.2
Uncapped pure sp Carbon Chains [1]

Many theoretical studies of all-sp carbon clusters C, show that the open linear form
is preferred over the cyclic form for n < 10, though cyclic forms of short n-even
chains (C,, C4 Cg) do compete [17]. The converse holds for n =10 (see
Section 1.3.2.4), but open chains are known for odd n = 3-29 [18].

Optimized geometries at various level of theory indicate that the octet deficiency
of carbon chains is partly made up by a strong cumulenic character both for C,,,;
chains ('Z," ground state with equal bond lengths of approximately 1.30 A) and for
C,, chains (’Z, ground state with less than 2% bond length alternation). Al-
though DFT calculations did not accurately reproduce experimentally determined
or CCSD(T) singlet-triplet separation, both the local density approximation
(LDA) [19] and the use of gradient-corrected (BLYP) [20] or hybrid (B3LYP) func-
tionals gave relevant results in terms of geometries and harmonic frequencies
[21]. Hund rule-reliable Lewis representations of small carbon chains are given
in Scheme 1.2. With regard to the contribution of zwitterionic forms, it should
be mentioned that a TD-LDA treatment showed that the longitudinal polarizability
increases from approximately 7 A* (n = 3) to approximately 490 A’ (n = 21), namely
more rapidly than n, and more rapidly than the polarizability of the corresponding
polyenes with the same number of valence electrons [18].

3
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:CFC=C=FC=C: C=FC=C—FC: <> :CF=C=CFCes <> *C=FC—C=Ce
m—1 m m—1 m—1
X X €

-1
odd-numbered chains even-numbered chains (2x+¢e=1)
(=N )
Scheme 1.2 Main Lewis forms for ground state C,,,,; and C,,, (m = 1-8) accounting for both the
bond orders and the spin state.

Calculations of various excited or charged (C,”, C,") states of linear carbon chains
have been carried out at high levels of theory, especially by coupled cluster meth-
ods, which proved to be useful for reproduction or prediction of experimentally
measured electronic spectra [22], electron affinities (EAs), ionization potentials
(IPs), or dissociation energies (DEs) [17].

Efforts devoted to theoretical studies of linear carbon chains are motivated by
their uniques properties, such as their role in fullerene growth or, more recently,
in the field emission of electrons from carbon nanotubes or in the origin of the
diffuse interstellar bands (DIBs) [18].

C, chains of nanometer sizes (n = 10-100) can be generated by electric field-in-
duced unraveling of the inner graphene wall layers of carbon nanotubes, and are
then responsible for emission currents of 0.1-1 pA under bias voltages of less
than 80 V [23]. Indeed, linear C, chains (n = 3—-11) were calculated to pass rele-
vant tests to qualify as metallic atomic wires with ease, but open-shell n-even
chains give currents 100 times as intense as their closed-shell n-odd neighbors
[19].

A challenging goal in radio-astronomy is understanding of the origin of the
DIBs, silent bands of frequency in the visible-IR spectra of interstellar clouds
[22]. DIBs were previously proposed to be caused by linear carbon chains [24],
and some of them could recently be identified with optical gas-phase electronic
transitions of anionic representatives [25]. An alternative to the difficult experi-
mental determination of the characteristics of such transitions is their calcula-
tion. A partial attempt using experimental energies and theoretical (TD-LDA) os-
cillator strengths of Cs—C,; carbon chains provided a few qualitative coincidences
with observed DIBs [18].

The octet deficiency of carbon chains can be completed by closure to cyclo[n]car-
bons (see Section 1.3.2.4), by simple doping, by end-capping, or by passing from
the molecular status to a material status through infinite expansion [26]. Whereas
end-capping is the topic of the next section, doping can be exemplified by neutral
and charged carbon clusters [C,,X]%, which have been studied at the DFT level
when X is a main group metal atom [27]: the cyclic w-diacetylide-type structures
C=C---X---C=C are favored over the open-chain isomers for q = 0 and X divalent
(e.g., X =Mg) [28], or for g = -1 and X monovalent (e.g., X = Na) [27]. Similar stud-
ies have been conducted with transition metal atoms, including with X = Pt at the
B3LYP level [29).
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Finally, infinite expansion affords carbyne (1D sp carbon allotrope), the missing
link between atomic carbon and graphite (2D sp® carbon allotrope), which may be
hybridized with the latter to design graphyne and related allotropic structures [30].
Although the carbon allotropes are beyond the scope of this chapter [31], it should
be mentioned that several theoretical studies have focused on the possible struc-
tures and promising properties of these challenging materials [32].

1.2.3
Capped all-sp Oligoacetylenic Chains

1.2.3.1 all-sp Oligoacetylenic Chains between Redox-Silent Organic Groups

The recently surveyed state of the art of the characterization of doubly capped
acetylenic chains XC,,Y prompted a comprehensive study of lower representatives
(Scheme 1.3, n = 6) at various level of theory (HF, MP2, MP4, CCSD(T), B3P86,
B3LYP, with various basis sets) [33a].

X~<CE %Y X,Y =H,CH;, Ph,Na, F,LCN, O, S, Se,...
n

Scheme 1.3 Capped polyacetylenics.

For X =Y = H, let us first remind ourselves that the possible structures of small
C,.H, molecules (m = 3, 5, 6, 7) have been investigated by various ab initio calcula-
tions (see, for example, refs. [33b—{f]). For larger polyacetylenic representatives (m =
2n, n = 6), geometrical, vibrational, and energetic (heats of formation, ionization
potentials, electronic affinities (EAs)) properties display regular variations with
respect to n [33a]. At the HF level, the C=C and C-C bond lengths were found
to converge to different values (1.190 A and 1.366 A, respectively), while the EAs
decrease from 4.15 eV for n = 1 to 1.19 eV for n = 5. These results were extended
by DFT studies of higher representatives (n = 6-12) [33]. The B3LYP level was ar-
gued to be relevant not only for the 'L," ground states of the neutral species, but
also for the “I1, or ’I1, ground states of the radical anions [HC,,H] . In the latter,
the bond length equalization increases with increasing », while the adiabatic EAs
of the neutral species increase continuously from 1.78 eV (n = 6) to 2.95 eV (n =
12). The number of calculated stretches in the 1900-2200 cm™ region support
the hypothesis that long [HC,,H ]? species (g = 0, =1, n = 6) could contribute to
the DIBs [34]. It may be commented that the results from references [33a] and
[34], though referring to different methods, could suggest that the EA is at its
minimum around n ~ 5.

Chaquin et al. recently reported a comprehensive structural and vibrational study
of the HC,,H molecules up to n = 20 at the B3LYP level [35]. The results confirm
the persistency of bond length alternation with increasing n, and a systematic cor-
relation scheme afforded asymptotic values of 1.229 A and 1.329 A for triple and
single bonds, respectively. As would be expected, the asymptotic bond length alter-
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nation (0.10 A) is smaller than that obtained at the HF level (0.17 A) [33a], but the
DFT estimate is supported by excellent fits with experimentally obtained data. The
alternation was also visualized through the ELF localization domains in C;oH, [35].

Polyynes have also received much attention, as they are predicted to exhibit large
second hyperpolarizabilities [36]. Beyond ab initio calculations on simple diacety-
lene derivatives [36d—e], high level ab initio studies (SCF, MP, CCSD(T)) with
large basis sets show that the static hyperpolarizability increases with increasing
C=C bond lengths [37]. The bond length alternation (BLA) parameter, which is
a determining factor of nonlinear optical properties, was compared for polyyne
chains at various calculation levels (PM3, ab initio, DFT) [38, 39]. The static second
hyperpolarizabilities (y of linear polyynes up to Cy4H,) was calculated [36b, 39]
and, as in the case of polyenes, y/n¢ versus the number of carbon atoms n satu-
rates beyond n¢ ~ 50. Similarly, deprotonation and double deprotonation energies
of polyynes containing up to 40 carbon atoms were shown to decrease towards an
asymptotic limit of 370 kcal mol™ [38b].

For X =Y = Ph (Scheme 1.3, n = 6), DFT studies of a,w-diphenyl polyynes of D,
symmetry accounted for the effects both of the chain length and of the phenyl end-
caps on the fluorescence properties [40]. The fluorescent excited state switches
from 1'B,,(m1,*) for n = 2 to 1'A, (g * or mym*) for n = 3.

For X =Y = O, S, Se, the acetylenic character is expected a priori for the triplet
states (Scheme 1.3). The OC,,0 molecules are much less stable than the cumulenic
“odd” carbon suboxides OC,,,;0. The first member of this series is ethylenedione
C,0, (i-e., the dimer of CO or the carbo-mer of O,), which has hitherto evaded un-
ambiguous experimental observation. On the basis of CCSD(T) calculations, it was
recently suggested to be an intrinsically short-lived molecule [41]. The monosulfur
analogue C,0S [42] and the higher cumulogue C,0, could, however, be identified by
comparison between calculated and experimentally measured IR or UV spectra [43].
Recent calculations at the UB3LYP/6-311G* level support the view that all triplet
structures XC,, X (X = O, S, Se; n = 4) possess a L, ground state with trivial
spin contamination [44]. Both the C-C bond length alternation and the C-X bond
lengths confirm the contribution of the acetylenic form “X-(C=C),—X".

For X, Y = H, CN (Scheme 1.3, n = 9), the corresponding cyanopolyynes
H-(C,),-CN and dicyanopolyynes NC-(C,),-CN are regarded as isolable model sub-
stances of the carbyne allotrope [45]. The variation of the HOMO-LUMO gap (AM1,
HF or MP2) and of the ZINDO-calculated UV spectra accounts for the experimen-
tally observed Lewis—Calvin bathochromic shift with increasing n (4* = kn). The ob-
served regioselectivity of dienophile cycloadditions at the C;=C, bonds is consis-
tent with the highest positive Mulliken charges at the C; and C, atoms
(Scheme 1.4). Since the positive charge is greater at Cg than at C,, the weight of
the long-range charge separation (y) is greater than that of the shorter-range one
(x) (Scheme 1.4). The increase in cumulenic character with increasing n, also sys-
tematically evidenced at the B3LYP level [35], would thus be consistent with a paral-
lel increase in the y/x ratio. The occurrence of the zwitterionic resonance forms
would also account for the o-coordination ability of the nitrogen atoms toward
main group metals as evidenced by DFT calculations [46]. From a more applied
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©
NC—{C C—+CN <> N_C_C_C—< —C}—C N «—>» N—C—C C:{ _C%: =N
n n-1

X < y

Scheme 1.4 Schematic charge separations in dicyanopolyynes.

standpoint, DFT-calculated low vibration frequencies of cyanopolyynes have also
been claimed to be relevant for possible assignments of spectroscopic absorptions
in interstellar media [35].

For X, Y = H, F, or Na (Scheme 1.3, n = 5), the electron distribution in the cor-
responding polyynes has been studied at the MP2/6-31G** level within the form-
alism of the electronegativity equalization method (EEM) [47]. In contrast to the
atomic charges, the charges of the X-C=C- and -C=C-Y termini and those of the
(n-2) intermediate -C=C- units were found to be additive. For example, given n
=5 and X, Y = Na, F, the charges of the i unit in the heteronuclear and homo-
nuclear molecules are bound through: [Q;(FC;oF) + Q;(NaCi;Na)] ~ [Q;(NaC;,F)
+ Q;(FCyoNa)]. This gives support to the view of the C, units as “compact” building
blocks (see Section 1.2.1).

Much weaker than conventional hydrogen bonds, intermolecular m...m or
C-H...n interactions have been attracting increasing attention [48]. In particular,
several ab initio and DFT studies have focused on the hydrogen bond-accepting
ability of triple bonds [49]. The ab initio intermolecular potential for acetylene slid-
ing perpendicularly along a polyyne (Figure 1.2) was calculated at the MP2 level
and was used to refine an MMC (molecular mechanics for clusters) model poten-
tial for polyynes [50]. The T-shaped interaction energy of acetylene with the triple
bond at the end of the chain reaches an asymptote of =372 cm™. As the acetylene
molecule slides along the chain, the intermolecular potential is essentially flat with
only small bumps (Figure 1.2) (acetylene interacts slightly more with the triple
C=C bonds than with the single C-C bonds). This extended smooth intermolecular
potential zone produces weak bonding slipperiness of acetylene along the polyyne
chain.

A
hi MP2/cc-pVDZ intermolecular potential
n=>5
H . —
-372emfp--=-= T
: chain end chain end

Figure 1.2 Perpendicular sliding of acetylene along a polyyne H(C=C),H (n = 2-5) at fixed
distance between the center of mass of acetylene and the polyyne molecular axis (4.5 A) [50].
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1.2.3.2 All-sp Oligoacetylenic Chains between Organometallic Termini
Besides their potential applications in homogeneous and heterogeneous catalysis,
alkynylmetal complexes are thermally robust, available in high yield, and attractive
for their conducting and nonlinear optical properties. Among a very large number of
theoretical studies on such complexes, a few recent results are highlighted below.

In monometallic complexes, theoretical studies have aimed at better understand-
ing of metal-alkynyl bonding [51]. Through the use of the ADF program and the
bond energy decomposition scheme designed by Ziegler and Rauk [52], metal-to-
ligand backbonding energies were calculated for a set of c-acetylide complexes of
electron-rich metal centers such as M(X)(PH3),, with M = Fe, Ru, Os (X = Cl
and n = 4, or X = G;H; and n = 2) [53, 54]. As expected, the m backbonding in-
creases with the electron-withdrawing ability of the n'-acetylide substituent and in-
creases from Fe to Os. However, m bonding effects are relatively small in relation to
the dominant metal-alkyne o bonding. The backbonding energy is accurately cor-
related with the experimentally determined or calculated quadratic hyperpolariz-
ability [55], but not with the v(MC=C) IR stretching frequency, which is indeed
lowered by coupling with the stretching of the adjacent bonds. A similar DFT
study of the influence of terminal substituents on the m backbonding in metallacu-
mulene complexes has also been reported [56].

Studies of the homo- and heterobimetallic complexes have focused on the elec-
tronic communication between the metal centers through the polyyne bridge
(Scheme 1.5) [57, 58, 59].

(\fth PPhy
PhoPy & ON, F

Fe ————=——=—Fe. Re ———=—=—Re

4 "ppn, 4 "pmn
3
=T ;

Scheme 1.5 Examples of homobimetallic complexes where electronic communication is
assumed by polyyne bridges [64b].

p-diacetylide ligand [31, 60]. DFT calculations allow two classes of dicarbido
complexes to be identified, the metals lying in pseudotetrahedral coordination
spheres [61]. For early metals of the Ti, V, and Cr triads in high oxidation states
with m-donor ligands, the coordination mode (M—C=C—M, M=C=C=M, or
M=C-C=M) depends on the d" configuration. In contrast, for metals of the late
triads (from Mn onwards) in low oxidation states with m-acceptor ligands, only
the M—C=C—M coordination mode is observed whatever the metal d" configura-
tion.

The generalized valence flexibility (M-C=<M=C=<M=C-) has been ele-
gantly studied by natural bond order (NBO) and AIM analyses for even- [62] or
odd-numbered [63] carbon chains, depending on the metallic end-caps. In the
case of C, chains bonded to electron-rich metal fragments (M = Fe, Re, Ru,



