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Density functional calculations have been carried out on a series of metallacumulene
complexes L,M(=C),H, with several ML, metal fragments to study the electronic structure,
the bonding, and the reactivity of these complexes and how they are affected by the metal
termini. The considered metal fragments include [(Cp)(PH3)Ti], [Cp(PH3).Mo]*, [(CO)sCr],
[(CO)sMo], [(CO)sW], [Cp(dppe)Fe]t, [trans-Cl(dppe).Rul*, [Cp(PMe3),Ru]*, [BzCI(PH3)Ru]",
[trans-CI(PH3),Rh], and [trans-CI(PH3).1r], which are quite common in the chemistry of metal
vinylidene, allenylidene, and higher cumulenes and range from a d? to a d® configuration
and from electron-poor to electron-rich character. The optimized geometries calculated for
the considered complexes have been found to be in good agreement with the available X-ray
data and show that the peculiar carbon—carbon bond alternation superimposed to an average
cumulenic structure, which is typical of these systems, is slightly perturbed by the nature
of the metal fragment with the exception of the d* [Cp(PH3).Mo]*. Bonding energies have
been calculated for all considered systems, and their dependence on the nature of the metal
termini has been discussed. In particular an increase of the electron richness within d® metal
fragments causes a slight decrease of metal—cumulene bond energy. On the other hand,
bond energies for d® and, to a lesser extent, d*—d? complexes are larger than those for the
d® analogues. The charge distribution and the localization of the molecular orbitals have
been employed to explain the known reactivity patterns of this class of complexes and to
forecast their variation with the nature of the metal fragment for both even and odd chains.

Introduction

Metallacumulene complexes of the type L,M(=C),R>
are made of organic cumulenes R,C=(=C),R, where a
terminal carbon, R,C=, is replaced by a double-bonded
transition metal fragment L,M. These complexes have
recently received much attention since they can be
potential precursors of molecular wires of interest in the
field of novel optoelectronic materials and can also
provide multifaceted reactive sites of interest in organic
synthesis.1~1* While several lower homologues with two
(vinylidene complexes) and three (allenylidene com-
plexes) carbon atoms are well known,12716 gnly a few
examples have been reported with four or more carbon
atoms.*° Butatrienylidene metal complexes have been
proposed as plausible intermediates,® and only two
have been recently isolated and structurally character-
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ized by X-ray methods.82bd Vvery few pentatetra-
enylidene metal complexes have been synthesized and
fully characterized in the last years.*~7° A heptahexa-
enylidene complex of chromium pentacarbonyl has been
suggested as a plausible intermediate in the synthesis
of some functionalized allenylidenes. Complexes with
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n > 7 have not been isolated or spectroscopically
characterized so far.

Allenylidene and cumulenylidene complexes based on
half-sandwich (A), octahedral (B), or square planar (C)
metal fragments of group 6, 7, 8, and 9 with d® and d®
electron counts are known,*~12 while few vinylidenes of
mainly half-sandwich d* metal fragment of group 6,215
and one allenylidene derivative of a d? metal fragment
of group 4, (Cp)2(PMe3)Ti(=C=C=CPhy,), have also been
isolated (see Scheme 1).1

A few theoretical investigations have been performed
on the simplest metallacumulene complexes!®=22 and,
except for vinylidenes,’® at mainly semiempirical
level.20-22 Only very recently have density functional
calculations been performed on long chain metalla-
cumulenes of the type (CO)sCr(=C)nR2,2® [CI(PH3)4RuU-
(=C)nH2]*,2* and Cp(PH3),Mn(=C)4H,.8d In particular,
two recent works of our group on (CO)sCr(=C),R>
metallacumulene complexes of various lengths (n = 2,
9) and different substituents?® have shown that (i) the
geometries of even-chain cumulenes are consistent with
a purely cumulenic structure, while the geometries of
odd-chain cumulenes show a small but significant
polyynyl carbon—carbon bond length alternation; (ii) the
dissociation energies for the metal—cumulene bond are
essentially independent of chain length, suggesting that
there is no thermodynamic upper limit to the cumulene
chain length; (iii) the regioselectivity of both electro-
philic and nucleophilic attack is frontier orbital con-
trolled with the LUMO mainly localized on the odd
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carbon atoms (C;, Cg, Cs, ...) and the HOMO on the even
carbon atoms (Cy, Cg4, Cg, ...), determining, respectively,
their electrophilic or nucleophilic character.

These conclusions have been confirmed by the DFT
calculations of Saillard and co-workers on the [CI(PH3)4-
Ru(=C)nHz]" (n = 1—8) series.?

In this paper we perform density functional theory
(DFT) calculations on a series of metallacumulene
complexes LnM(=C),H> with several ML, metal frag-
ment types to study the electronic structure, the bond-
ing, and the reactivity of these complexes and how they
are affected by the nature of the metal termini. The
considered metal fragments include [(Cp)2(PH3)Ti], [Cp-
(PH3)2Mo], [(CO)sCr], [(CO)sMo], [(CO)sW], [Cp(dppe)-
Fe]™, [trans-Cl(dppe).Ru] ", [Cp(PMes).Ru]", [BzCI(PHz3)-
Ru] ™", [trans-CI(PH3),Rh], and [trans-CI(PHz3).1r], which
are quite common in the chemistry of metal vinyli-
dene, allenylidene, and higher cumulenes and range
from a d? to a d® configuration and from electron-poor
to electron-rich character.

Since most characterized allenilydenes and metalla-
cumulenes contain a d® metal center, many of the
most common metal fragments with such an electron
count have been considered. In particular, we con-
sidered [(CO)sCr], [(CO)sMo], and [(CO)sW], which are
involved in some stable pentatetraenylidene and hep-
taexanylidene complexes recently synthesized,”°* and
some half-sandwich cationic ruthenium fragments, which
are very common in the chemistry of cationic Ru(ll)
vinilydenes and allenylidenes and are expected to span
a wide range of electron richness, as suggested by the
oxidation potentials of the analogous chloride precur-
sors: (°-CsMes)(PMe,Ph),RuCl, E°;, = +0.15 V;17a
trans-Cly(dppe)2Ru, E°yp = +0.47 V2, (55-CsMeg)-
(PMes3)CI;RuU, E°y» = +0.77 V170 versus standard calo-
mel electrode (SCE). The considered d® rhodium and
iridium fragments are involved in the newly developed
chemistry of square-planar allenilydene complexes of
Rh(l) and Ir(l), which show distinctly different prop-
erties.®8 Although d? and d* allenilydene complexes are
extremely rare and higher homologues unknown, the
corresponding fragments have been considered since
they are expected to show peculiar properties.

We have carried out geometry optimizations and
studied the stability of these complexes and the nature
of & conjugation along the metal and carbon atoms and
their dependence on the nature of the metal fragment.
We have also made use of the perturbational theory of
reactivity, examining the charge distribution and the
energies and localization of the frontier orbitals, to study
the reactivity patterns of these complexes and their
dependence on the nature of the metal termini.

Theoretical Calculations

The calculations reported in this paper are based on the
ADF (Amsterdam Density Functional) program package.?® The
molecular orbitals were expanded in an uncontracted double-¢
Slater-type orbital (STO) basis set for all main group atoms.
For all transition metal orbitals we used a double-¢ STO basis
set for 3s and 3p and a triple-¢ STO basis set for 3d and 4s.
As polarization functions, we used one 4p function for transi-
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tion metals, one 3d for C and O, and one 2p for H. The inner
shell cores have been kept frozen.

The LDA exchange—correlation potential and energy were
used, together with the Vosko—Wilk—Nusair parametrization
for homogeneous electron gas correlation, including Becke’s
nonlocal correction?’2 to the local exchange expression and
Perdew’s nonlocal correction?® to the local expression of
correlation energy. Molecular structures of all considered
complexes were optimized at this nonlocal (NL) level in the
appropriate (Ci, Cs, or Cy) symmetry.

Since the relativistic effects play an important role in
describing the electronic structure and relative energetics of
the species containing a heavy metal, such as tungsten and
iridium, they were taken into account by the Pauli formalism,
the Pauli Hamiltonian including first-order scalar relativistic
corrections (Darwin and mass velocity) while neglecting spin—
orbit corrections.?®

Throughout the paper only butatrienylidenes and pentatet-
raenylidenes have been considered as representatives of even-
and odd-chain cumulenes, respectively; it has indeed been
shown that no significant effects are to be expected by either
increasing or decreasing the length of the chains.?

For metal fragments with C; symmetry there can be two
different orientations of the cumulene C,H, moiety, which may
lie in the symmetry plane of the molecule or perpendicular to
it. In these complexes we optimized both possible cumulene
orientations and discussed only the most stable one.

Results and Discussion

d® Complexes: Electron-Richness Effects. All
complexes have been fully optimized under C,,, C, or
C; symmetry and show 'A; ground states, with almost
linear cumulene chains. The optimized bond lengths
within the cumulene unit are reported in Figure 1. For
those metal fragments with Cs symmetry the minimum
energy orientation of the cumulene moiety corresponds
to that expected on the basis of simple MO models:2°
the plane of the odd-chain CsH, cumulene (i.e., the plane
defined by the terminal HCH triangle) lies in the
symmetry plane of the fragment, while the plane of the
even-chain C4H, cumulene lies perpendicular to it. This
orientation is preferred since it allows a more efficient
m back-donation from the highest occupied d, metal
orbital of a” symmetry to the cumulene LUMO which
lies in the plane in even chains and perpendicular to it
in odd chains (see below).

The geometries of the even-chain C4 complexes are
consistent with a purely cumulenic structure, with C—C
bond lengths ranging from 1.26 to 1.29 A, except for the
terminal C—C bond, which is markedly longer (1.31—
1.34 A), as expected for a sp2 hybridation of the terminal
carbon atom. On the other hand, as it was found in ref
23 for [(CO)sCr]-cumulenes, the geometries of odd-chain
Cs complexes show a polyynyl carbon—carbon bond
length alternation superimposed to an average cumu-
lenic structure with two distinct types of C—C bond
lengths, falling in the ranges 1.26—1.28 and 1.30—1.31
A, respectively. This is consistent with the contribution
of stable zwitterionic polyynyl resonance structures for
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Cs and, in general, for odd cumulene chains, as depicted
in Scheme 2. The extent of this alternation is also
slightly affected by the metal fragment character: itis



Downloaded by NAT LIB UKRAINE on July 7, 2009
Published on September 10, 2004 on http://pubs.acs.org | doi: 10.1021/om049615I

Metallacumulene Complexes

Organometallics, Vol. 23, No. 21, 2004 4955

Table 1. Experimental M—C and C—C Distances (A) for Some Butatrienylidene and Pentatetraenylidene
Complexes

complex M—Cy

C1—Co

Cr—C3

C3—Cy4

C4—Cs

trans-CI(PPriy),1r(=C)4Ph,82
trans-CI(PPri;),1r(=C)sPh,%2
(CO)sCr(=C)sNEt,CMe=C(NMe),%
(CO)sW(=C)5(N Me2)27
trans-[Cl(dppe).Ru(=C)sPh_] " 52

1.816(6)
1.834(5)
2.041(6)
2.144(6)
1.891(9)

smaller for electron-rich metal fragments, such as [Cp-
(PMes),Ru]™ complexes, while it becomes more pro-
nounced for electron-poor metal fragments, such as
[BzCI(PH3)Ru]* complexes. This is a consequence of the
destabilization of the zwitterionic resonance structures
when a negative formal charge is located on an electron-
rich fragment, thus leading to a decrease in the polyynyl
character of the complex.

In both even- and odd-chain complexes the M—C
distances (1.77 A for M = Ru) are consistent with a
double-bond character and are only weakly affected by
the metal fragments; for instance going from the
electron-poor fragment [BzCI(PH3)Ru] ™ to the electron-
rich [Cp(PMe3s);Ru]*, the Ru—C distance varies within
1.859—1.891 A (even-chain) or 1.873—1.901 A (odd-
chain). Moreover, because of the partial single character
shown by the resonance structures in Scheme 2, in each
complex the M—C distance for the C4 chain is shorter
than the corresponding one for the Cs chain by ca. 0.01—
0.02 A.

In Table 1 we report the experimental X-ray data for
some representative butatrienylidene and pentatetra-
enylidene complexes.5262.7.8a9b Although the bond alter-
nation is slightly underestimated by ca. 0.02—0.04 A,
the overall agreement is rather good and, as discussed
in previous papers,?3 the underestimation is most likely
determined by the presence of the methyl, ethyl, phenyl,
or alkenyl groups in the experimental complexes, which
are expected to stabilize the polyynyl resonance struc-
tures, thus enhancing the bond alternation. The calcu-
lated electron-richness trend, i.e., the more electron rich
the metal fragments, the less pronounced the alterna-
tion in the cumulene bond lengths, is confirmed by a
recent experimental study of Fischer and co-workers on
allenylidene complexes.?® Indeed, in a series of cis-
[(CO)4(PR3)Cr=C=C=C(R1)R] complexes they observed
that an increase of the electron-donor properties of PR3
leads to a shift of the v(CCC) band in the IR spectrum
to lower energy, thus indicating a more allene-like
structure. This effect was also confirmed by a low-field
shift of the 13C resonance of the metal-bound Ca atom
and by a shift of the MLCT transition in the UV—vis
spectrum toward longer wavelengths.

The electronic structures of the metallacumulenic
complexes can be usefully discussed in terms of the
orbital interactions between the metal L,,M and the
cumulenic (=C),H, fragments. The frontier orbitals of
the free cumulenes CH; are described in ref 23 and are
made up by a set of n out-of-plane x orbitals (hereafter
called mp, all of b; symmetry) and a set of n — 1 in-plane
m orbitals (hereafter called m, all of b, symmetry),
occupied by 2n — 2 electrons. The frontier orbitals for
the octahedral [(CO)sM] and [trans-Cl(dppe).Ru]™ or
pseudo-octahedral [Cp(dppe)Fe]™ and [Cp(PMe3),Ru]*

(29) Szesni, N.; Weibert, B.; Fischer, H. Inorg. Chim. Acta 2004,
357, 2939.
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Figure 2. Frontier orbitals for Ru(ll) metal fragments
with increasing electron richness.

fragments with one ligand removed are known'%23.24 and
show essentially the same pattern with a low-lying
empty d orbital of o symmetry with respect to the metal
cumulene axis (d;?), two high lying almost degenerate
filled orbitals of = symmetry (dy; and dy;), and a lower
lying filled d orbital of 6 symmetry (d,y). An analogous
pattern is also shown by the asymmetric [BzCI(PH3)-
Ru]* fragment. These orbitals are affected by the
electron richness of the metal center, and in particular,
fragments with an increasing electron richness show a
progressive raising of the energy of both HOMO and
LUMO orbitals, as illustrated in Figure 2 for the Ru-
(1) series, i.e., [BzCI(PH3z)Ru]*™ — [trans-Cl(dppe).Ru]™
— [Cp(PMes).Ru]*.

The main interaction between the L,M and CnH;
fragments in all d® complexes (as well as in d® complexes
described in the next section) can be basically sum-
marized into three types: (i) a ¢ donation occurs from
the cumulene lone pair to the empty do metal orbital;
(ii) one filled dxr orbital back-donates into the empty
cumulene LUMO; (iii) the other filled ds orbital inter-
acts with the filled cumulene HOMO and the empty
LUMO+1,; the former interaction is a destabilizing two-
orbital four-electron interaction, while the latter is a
minor stabilizing back-donation interaction. The pure
back-donation occurs into a 7;; LUMO when n is even
and into a g when n is odd. As an example Figure 3
shows the orbital interaction diagram for [Cp(PMej3),-
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Figure 3. Orbital interaction diagram for the complex [Cp-
(PMeg)zRU(=C)5HZ]+.

Ru(=C)sH;]*. The diagram shares essentially the same
features as that for (CO)sCr(=Cs)H, described in ref 23.
However the analysis of the trend in the orbital interac-
tions as the electron richness in d® fragments increases
is particularly interesting: the metal dsz orbitals rise
closer to the cumulene LUMO and & back-donation
increases, while at the same time the metal do rises
further from the cumulene lone pair and ¢ donation
decreases. These trends are reflected in the bond
dissociation energies reported in Table 2 and calculated
according to the fragment-oriented approach of the DFT
computational scheme implemented in the ADF pro-
gram by the equation

D=E*+ ERLnM + ERCnHZ 1)

First we calculate the “snapping energies”, E*(Cr—
CnX>), i.e., the energies gained when snapping the
metal—cumulene bond, obtained by building (CO)sCr-
(=C)nX2) from the fragments with the conformation they
assume in the equilibrium geometry of the overall
complex. Then we compute the energies ER ,v and
ERcnHz gained when the isolated fragments relax to their
equilibrium geometries. Corrections for the zero-point
vibrations or BSSE were not included since they are
expected to be quite small.z

Table 2 shows that both snapping energies and bond
dissociation energies do not follow any trend related to
the different electron richness of the fragments in the
Ru(ll) series. This is obviously a consequence of the
simultaneous decreasing of ¢ donation and increasing
of = back-donation: the two effects tend to cancel out,
so that the bonding energies of Table 2 do not show a
monotonic variation with the electron richness.

Marrone et al.

Table 2. Calculated Bond Dissociation Energies
for the L ,M(=C),H, Complexes (kJ mol1)

complex n E* ERwm ERcrnz  De
(Cp)2(PH3) Ti(=C)nH: 4 406 53 1 352
5 441 56 1 384

[(Cp)(PH3)2Mo(=C)nH2]* 4 463 64 2 397
5 500 67 2 431

(CO)sCr(=C)nH2 4 296 10 2 276
5 294 10 2 282

(CO)sMo(=C)nH- 4 280 25 1 254
5 291 27 2 262

(CO)sW(=C)nH2 4 332 21 1 310
5 341 21 2 318

[(CP)(PHa)Fe(=C)nH2]* 4 389 15 1 373
5 402 15 2 385

[(B2)CI(PH3)Ru(=C)nH,]* 4 412 9% 1 315
5 421 90 2 329

[trans-CI(PH3);RU(=C),Hz]* 4 371 8 1 362
5 381 7 1 373

[(Cp)(PH3)2RU(=C)nH2]* 4 393 32 1 360
5 404 29 2 373

[trans-CI(PH3);Rh(=C),H,]* 4 388 6 1 381
5 397 6 1 390

[trans-CI(PH3)2lr(=C),H2]" 4 508 7 1 500
5 516 6 1 509

The bonding in the considered metallacumulene frag-
ments has been discussed by the Dewar—Chatt—Dun-
canson model in terms of a synergistic o donation
back-donation.®® The contribution from ¢ and & back-
donation can be separately evaluated by decomposing
the bond dissociation energy into a number of contribu-
tions,312 namely, the energy needed to convert the
fragments from their equilibrium geometries to the
geometries assumed in the optimized complex, Eprep
(here given by the sum of the relaxation energies ERcpp2
+ ERmwn), the electrostatic interaction between the two
fragments, Eeistat, the repulsive interaction between the
fragments due to the antisymmetry requirement on the
total wave function, Epayi, and the stabilizing orbital
interaction term, Eorp:

D(MLn - CnHZ) =—(E + Eelstat + EPauli + Eorb)

)

The latter term, Eqm, Which represents the attracting
orbital interactions leading to the energy lowering upon
coordination, can in turn be decomposed into contribu-
tions from the orbital interactions within the various
irreducible representations I" of the overall symmetry
group of the system according to Ziegler.3® For com-
plexes of C,, symmetry, the ligand to metal donation
takes place into the A; representation, while the metal
to ligand back-donation takes place into the B; and B;
representations. In particular for odd chains, Eg; is the
energy contribution from the back-donation into the
LUMO while Eg; is the contribution from the x interac-
tion in the orthogonal plane (two-orbital four-electron
repulsion plus back-donation into the LUMO-+1) and is
therefore expected to be smaller; on the other hand, for
even chains the role of the two contributions is exactly
exchanged. For complexes showing Cs symmetry, o
donation and the combined two-orbital four-electron
repulsion plus back-donation into the LUMO+1 occur
into the A’ representation while the  back-donation into

prep

(30) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C71. Chatt, J.;
Duncanson, L. A. J. Chem. Soc. 1953, 2939.

(31) (a) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. (b)
Ziegler, T. NATO ASI 1986, C176, 189.
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Table 3. Bond Dissociation Energy Decomposition for the L,,M(=C),H, Complexes (kJ mol-1)

Ea Ear
complex n Epaui Eelistat Eorb Ea1 Ea2 Eg1 Eg2

(Cp)2(PH3) Ti(=C)H» 4 596 —aa1 —562 —518 —44

5 585 —441 —587 —547 -39
[(CP)(PH2)2Mo(=C)nH2]* 4 841 —663 —641 ~532 ~109

5 885 —704 —681 —557 —124
(CO)sCr(=C)nH> 4 626 —496 —415 ~196 0 75 —147

5 608 —492 —410 —196 0 —148 —68
(CO)sMo(=C)H 4 599 —482 —308 ~169 0 ~75 —154

5 604 —492 —403 =171 0 —162 —69
(CO)sW(=C)H 4 695 —577 —451 —204 0 —82 —165

5 680 —575 —446 —203 0 —169 74
[(Cp)(PHs)sFe(=C)aHa]" 4 759 —638 ~510 -318 ~101

5 737 —638 —502 —310 —192
[(B2)CI(PH3)RU(=C)nHa]* 4 1138 -872 —679 —679

5 1056 —841 —638 —638
[trans-CI(PHg),Ru(=C)nHo]* 4 897 ~739 —529 —253 0 ~100 -176

5 852 —723 —-510 —248 0 -90 —-173
[(CP)(PH3):RU(=C)nH2]* 4 989 ~790 —558 —367 —101

5 963 —786 —557 —364 —193
[trans-CI(PHs)sRh(=C)nHo]* 4 910 —737 —565 —213 1 ~100 —249

5 877 —722 —551 —209 1 -89 —254
[trans-CI(PHa)1r(=C)nH2]* 4 1180 —954 —735 —319 0 —122 —205

5 1146 —937 —725 —317 0 —109 —299

the LUMO occurs into the A" representation. Such an
analysis is obviously not possible for the [BzCI(PHj3)-
RuC,H]" complexes of C; symmetry. The results of this
decomposition are shown in Table 3. It is worth noting
that for C,, symmetry complexes, for which a full
separation of the energy contributions due to o donation
and  back-donation is possible, the overall contribution
to the orbital interaction term from sz back-donation, Eg;
+ Egy, is slightly higher than that from ¢ donation, Eas,
the same results already found for (CO)sCr(=C),H,.23
The effect of electron richness is more difficult to detect
due to the different symmetries of the involved com-
plexes. Such an effect is clear but weak in the (CO)s-
M(=C)nH> series (M = Cr, Mo, or W) of C,, symmetry:
there is a small increase of 7 back-donation (Egi + Epgy)
with the electron richness, by ca. 10—15 kJ mol~1, but
no definite trend for the values of Ea; corresponding to
o donation. For the Ru(ll) series a comparison can be
made only between the Eg, contribution for [trans-ClI-
(dppe)Ru(=C),H,]*" and the Ea- contribution for [Cp-
(PMe3)Ru(=C),H]*, both corresponding to 7 back-
donation into the LUMO. The contribution for the less
electron-rich [trans-Cl(dppe).Ru](=C)nH]", 173—176 kJ
mol~1, is smaller than that for the more electron-rich
[Cp(PMes3)Ru(=C)nHz]", 191-193 kJ mol~1, thus con-
firming that 7 back-donation increases with electron
richness. Assuming analogous increases, of ca. 20 kJ
mol~1, for the = back-donation into the LUMO+1 in [Cp-
(PMes)Ru(=C),H,]* and subtracting it from the Ea
contribution we can estimate the energetic contribution
due to o donation as 247 and 254 kJ mol~1, which are
very close to those of [trans-Cl(dppe).Ru(=C),H]", 253
and 248 kJ mol~1, confirming again that the decrease
of o donation forecasted on the basis of orbital energy
considerations (vide supra) is actually negligible.

The investigation of the reactivity and regioselectivity
of the studied complexes toward both nucleophilic and
electrophilic attacks has also been carried out. Although
the reactivity of vinylidene and allenylidene metal
complexes is well known, the available data on that of
higher metallacumulenes are quite scarce. As far as
complexes with d® metal fragments are concerned, there

is evidence of ruthenium cationic butatrienylidenes
undergoing only nucleophilic attack at C3 and the few
available data for the known pentatetraenylidene com-
plexes give evidence for regioselective nucleophilic at-
tack at Cy, C3, or Cs and electrophilic attack at C,.577:910

In the present work we have analyzed the reactivity
and regioselectivity for the d® complexes, with special
emphasis on the effects of the increasing electron
richness in the metal moiety, according to the approach
developed by Fukui and generalized by Klopman, which
distinguishes between charge-controlled and frontier-
controlled reactions.323% The results of a Mulliken
population analysis calculating the gross atomic charges
on the metal and the various carbon atoms of the
cumulene ligand are reported in Table S1 and show no
significant charge differences among the central carbon
atoms of the cumulene chains, indicating that charge
distribution is not important in determining the regio-
selectivity of either electrophilic or nucleophilic attack,
as already observed for the (CO)sCr(=C),H, complexes.
The analysis of the molecular orbital energies (Table
4a) shows that all the investigated cumulenes present
relatively high lying HOMOs and low lying LUMOs,
suggesting that the reactivity of these complexes toward
both electrophilic and nucleophilic attack is again
determined by frontier orbital factors. Moreover, since
the HOMOs are quite isolated in energy from the other
highest occupied MOs and the LUMOs are even better
isolated from the other lowest unoccupied orbitals, these
two orbitals play the main role in determining the
regioselectivity of, respectively, the electrophilic and
nucleophilic attack. However, as was underlined in the
discussion of the orbital interaction diagram, the energy
of the LUMOs of the complexes rises with the electron
richness, thus leading to a reduced reactivity toward

(32) Fukui, K.; Yonezawa, T.; Nagata, C. J. Chem. Phys. 1957, 27,
1247. Fukui, K.; Yonezawa, T.; Nagata, C. J. Chem. Phys. 1959, 31,
550. Fukui, K. Theory of Orientation and Stereoselection; Springer:
Berlin, 1975.

(33) Klopman, G.; Hudson, R. F. Theor. Chim. Acta 1967, 8, 1965.
Klopman, G. J. Am. Chem. Soc. 1968, 90, 223. Klopman, G. In
Chemical Reactivity and Reaction Paths; Klopman, G., Ed.; Wiley: New
York, 1974; pp 59—67.
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Table 4. Orbital Energies and Breakdowns of the Orbital Contributions from the Metal and Cumulene

Carbon Atoms for the Frontier Orbitals of d® Complexes

complex n € orbital M Ci Cy Cs Ca Cs
(CO)sCr(=C)nH> 4 —6.083 HOMO 38.6 4.6 16.5 1.8 18.8
—4.645 LUMO 12.8 33.1 3.6 32.6
5 —6.006 HOMO 37.2 6.4 16.3 2.7 15.5
—5.188 LUMO 13.8 20.1 7.2 20.1 3.2 26.6
(CO)sMo(=C)nH> 4 —5.885 HOMO 36.5 4.2 15.9 0.0 18.1
—4.518 LUMO 9.1 32.7 1.1 31.2
5 —5.802 HOMO 34.3 6.1 16.4 1.6 155
—5.022 LUMO 11.3 19.7 4.4 19.2 1.7 26.4
(CO)sW(=C)nH> 4 —5.911 HOMO 33.2 4.2 16.0 0.0 18.4
—4.561 LUMO 8.1 31.8 0.0 30.6
5 —5.841 HOMO 31.9 5.8 16.1 1.6 15.3
—5.076 LUMO 104 19.3 45 19.0 1.7 26.3
[(Cp)(PH3)Fe(=C)nH2]" 4 —8.971 HOMO 37.9 9.7 18.3 2.8 23.1
—7.253 LUMO 195 31.2 1.0 32.8 11
5 —8.792 HOMO 35.7 11.4 18.0 4.2 19.1
—7.662 LUMO 17.7 18.9 4.1 21.0 1.1 27.6
[(Bz)CI(PH3)Ru(=C)nH2]" 4 —9.369 HOMO 12.3 9.9 16.2 2.7 21.6
—7.603 LUMO 6.4 32.0 1.2 33.4
5 —9.204 HOMO 12.0 115 16.0 4.3 18.7
—8.007 LUMO 5.6 19.3 4.6 21.3 1.2 27.9
[trans-CI(PH3)2Ru(=C)nH2]* 4 —8.795 HOMO 30.9 5.7 16.4 1.6 19.4
—7.267 LUMO 16.2 33.2 2.7 34.3
5 —8.626 HOMO 31.8 6.9 16.2 25 15.8
—7.736 LUMO 14.9 20.2 4.4 21.8 1.2 28.4
[(Cp)(PH3)2Ru(=C)nH]" 4 —8.977 HOMO 325 8.5 19.8 24 24.4
—7.192 LUMO 18.4 30.2 1.6 32.1
5 —8.816 HOMO 31.6 8.8 17.1 34 18.7
—7.635 LUMO 134 17.8 5.3 20.1 15 26.7

nucleophilic attack. This effect is marked in the series
of the cationic Ru(ll) complexes, and it is still ap-
preciable going from Cr to W in the (CO)sM(=C)nH
series and is in agreement with the experimentally
observed reactivity trends.! For instance, in the (CO)s-
Cr=C=C=C(R1)R, complexes replacing one CO x ac-
ceptor by a donor PR3 ligand strongly reduces the
reactivity of the allenylidene chain toward nucleophilic
attack.?® The breakdowns of the contributions from the
metal and the carbon atoms along the chain to the
HOMO and LUMO are listed in Table 4 and show
essentially the same peculiar pattern of (CO)sCr(=
C)nH2;28 the HOMO has contributions mainly from the
metal and the carbon atoms in even positions along the
chain (Cy, Cy4, Cg, ...), while the LUMO has contributions
mainly from the carbon atoms in odd positions along
the chain (Cy, C3, Cs, ...), determining the regioselectivity
of, respectively, the electrophilic and nucleophilic attack
to these atoms in agreement with the experimental
reactivity patterns of all known carbon- and heteroatom-
substituted metallacumulenes.1~35-911.12 |t can thus be
observed that the localization of the HOMO and LUMO
on the even/odd-numbered carbons is essentially unal-
tered by variations in the electron richness so that no
changes in the regioselectivity are foreseen. Therefore,
increasing electron richness is expected to give kineti-
cally less reactive complexes without variations in the
regioselectivity of nucleophilic and electrophilic attack.

dé Complexes: Late Transition Metals. Because
CI(PPri,),Ir(=C)4Ph,8 is the only experimentally char-
acterized even-chain metallacumulene, the investigation
of this class of group 9 d® complexes is an important
test for the comparison with the analogous calculated
structure. In the present work square-planar complexes
of the type trans-M(PH3),CI(=C),H, with n = 4, 5 and
M = Rh(l), Ir(l) have been studied.

Compared to the group 6 and group 8 d® metal
fragments considered in the previous paragraph, these

fragments have two more electrons in a ds orbital,
which, although they do not interact with any cumulene
orbitals, lead to a more electron-rich character. Many
features of their structure and reactivity are therefore
similar to those of d® metallacumulenes.

The geometries of these complexes, all of C,, sym-
metry, are reported in Figure 1 and show C—C bond
distances close to those observed for d® metallacumu-
lenes, with purely cumulenic structures for even-chain
complexes and a polyynyl bond alternation for odd-chain
complexes. The extent of this alternation is however
reduced and is only comparable to that of most electron-
rich d® metal fragments (e.g., [Cp(PMes),Ru]* or
[(CO)sW]). This reduction is determined, as before, by
the destabilization of the dipolar resonance structures
(Scheme 1) with a formal negative charge on the more
electron-rich d® metal. The M—C distances in all com-
plexes range between 1.84 and 1.86 A, being slightly
longer for Cs chains. The agreement of the calcu-
lated geometries with experimental data for CI(PPri,),-
Ir(=C)4Ph,%2 and CI(PPri,),1r(=C)sPh,%2 is extremely
good, as it can be noted from Table 1. The forseen more
allene-like structure of the d® metallacumulene com-
plexes is also supported by the low frequencies of the
»(CCC) band in the IR spectra of the experimentally
characterized species.!

Because the electronic structures of d® Rh(l) and Ir-
(1) metallacumulenes are quite similar, only the diagram
for (PH3).Cllr(=C)sH> is illustrated in Figure 4, bearing
in mind that, as discussed in the previous section, the
main difference with the corresponding C4 and, in
general, with even-chain complexes lies in the inversion
of their z-conjugated manifolds.

Although an additional filled ds orbital characterizes
these metal fragments, this orbital does not interact
with the cumulene ones and remains as a high lying
occupied orbital: it is the HOMO (close to the HOMO—
1) for Rh complexes and the HOMO-1 (close to the
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Figure 4. Orbital interaction diagram for the complex
trans-CIl(PHj3)21r(=C)sH,.

HOMO) for Ir complexes. Therefore the interaction
pattern remains rather similar to that discussed for d®
complexes with a ¢ donation from the cumulene lone
pair into the d,2 empty orbital of the metal, a z-stabiliz-
ing back-donation from one of the filled d, metal orbitals
into the LUMO of cumulene (), and a x partially
destabilizing interaction between the remaining d,
metal orbital and the HOMO and LUMO+1 (both 7)) of
the cumulene. There are however two main differences
between the electronic structures of d® and d® metal
fragments. (i) One is the higher energies of the metal d
orbitals, which is especially remarkable for Ir(l), belong-
ing to the third transition series. (ii) The studied d®
metal fragments result from a square-planar coordina-
tion of the metal so that the degeneracy of the d, orbitals
interacting with the cumulene & systems (dy, and dy;)
observed in the octahedral and pseudo-octahedral d®
metal fragments is removed. A splitting of ca. 1 eV is
observed with the dy, orbital, lying in the coordination
plane, shifted to higher energies.

As a consequence of the energy rise of these metal
orbitals, there is a slight decrease of the ¢ donation and,
more importantly, a strong increase of the & back-
donation from the in-plane dy, orbital to the cumulene
LUMO. On the other hand, the partially destabilizing
7 interaction between the out-of-plane dy, orbital and
the cumulene HOMO remains essentially unchanged.

The effect of the increased i back-donation dominates
over the decrease in ¢ donation, as reflected by the
values of the calculated bonding energies (Table 2),
which are higher than those for the cationic Ru(ll) or
the Cr(0), Mo(0), and W(0) carbonyl complexes. In
particular, for Ir(l) complexes the metal—cumulene bond
is extremely strong, with a dissociation energy more
than 100 kJ/mol higher than all the other complexes
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(see Table 2), thus resulting in thermodynamically very
stable compounds. These data can be analyzed using
the decomposition scheme of eq 2, whose results are
reported in Table 3. It can be noted that, although the
small value of Eprep contributes to increase the difference
between the bonding energies for d® and the other
complexes, the largest effect is determined by the sharp
enhancement in Eqnp,, especially for iridium complexes.
In terms of energy decomposition according to the
different symmetry contributions, the discussed reduc-
tion in o donation, taking place in the A; representation,
is negligible, Ea; values being very similar to those of
the d® complexes, if not slightly higher. However what
really makes the difference are the values for the
stabilizing & back-donation occurring in the B, repre-
sentation, which are much higher than the other cu-
mulenes, while the energies Eg;, corresponding to the
destabilizing & orbital interaction, remain approxi-
mately unvaried.

Like d® cumulenes, the reactivity of d® complexes is
not affected by charge effects (see Table S1) and is again
determined by frontier orbital factors. These d® com-
plexes present an isolated LUMO and two close highest
lying MOs, one of which (the HOMO for Rh, the
HOMO-1 for Ir) is essentially a ds metal orbital. The
breakdown of contributions (see Table 5) from the metal
and the cumulene carbon atoms to the LUMO and
HOMO (or HOMO-1 for rhodium complexes) shows
essentially the same pattern observed for the d® octa-
hedral and pseudo-octahedral complexes determining
the reactivity of even and odd carbon atoms of the
cumulene chains toward, respectively, electrophilic and
nucleophilic attack. However, the LUMO of these d®
complexes is higher in energy, thus leading to a reduced
reactivity toward nucleophilic attack, which is respon-
sible for the high reactivity of metallacumulenes and
their easy degradation. As a result, one should expect
d® complexes to be altogether kinetically more stable
than the analogous d® species. At the same time, also
the highest lying MOs of these d® complexes are higher
in energy, thus allowing an easier electrophilic attack,
which is quite unusual for the previously considered d®
complexes, expecially the Ru(ll) cationic ones. Moreover,
the presence of the high lying occupied ds metal orbital
(the HOMO for Rh, the HOMO-1 for Ir) suggests that
an orbital-controlled electrophilic attack should occur
at the metal center, all the more so, as it is more
sterically accessible in the square-planar coordination
of these d® complexes compared to the octahedral d®
complexes. Both forecasts are consistent with experi-
mental evidence showing that the synthesized pentatet-
raenylidene and tetratrienylidene square-planar Ir(l)
complexes (PPhz),CIRh(=C),H; and (PPh3),Clir(=C),H>
are quite stable and may undergo electrophilic attack
at the metal center (leading to ligand substitution). It
is also worth noting that the LUMO of these d®
complexes shows a significantly larger component on the
metal compared to the analogous d® species (by about
10%), so that the metal could play a significant role also
in the nucleophilic attack.

In summary, d® metal fragments are expected to give
more stable complexes both from a kinetic and from a
thermodynamic point of view, and the metal center may
play an important role in their chemistry.
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Table 5. Orbital Energies and Breakdowns of the Orbital Contributions from the Metal and Cumulene
Carbon Atoms for the Frontier Orbitals of d8, d* and d? Complexes

complex n € orbital M Ci1 Cy Cs Ca Cs
(Cp)2(PH3) Ti(=C)nH> 4 —4.421 HOMO 33.0 21.1 2.4 21.2
—2.352 LUMO 32.7 11.1 6.4 45 13.8
5 —4.568 HOMO 28.2 13.7 1.9 16.7 0.0 21.9
—3.016 LUMO 32.2 7.6 7.8 11.6 2.8 19.0
[(Cp)(PH3)2Mo(=C)nH,]* 4 —9.318 HOMO-1 36.2 15.0 5.2 18.4
—8.397 HOMO 59.60
—8.064 LUMO 39.0 1.8 16.8 1.2 20.8
5 —9.214 HOMO-1 33.9 9.5 5.8 12.7 21 17.7
—8.441 HOMO 56.11 -
—7.873 LUMO 39.1 0.0 18.2 0.0 17.6
[trans-CI(PH3):Rh(=C)nH]* 4 —5.634 HOMO-1 24.8 4.0 13.4 0.0 15.9
—5.521 HOMO 64.0
—3.980 LUMO 23.4 29.8 2.0 29.1
5 —5.613 HOMO-1 26.1 7.3 15.8 23 15.7
—5.578 HOMO 63.8
—4.544 LUMO 22.7 17.0 5.8 17.8 2.0 24.1
[trans-CI(PH3)2Ir(=C)nH:]* 4 —5.507 HOMO 24.3 8.0 19.9 1.7 25.2
—3.678 LUMO 25.8 27.2 1.8 26.9
5 —5.484 HOMO 24.2 10.2 19.6 34 20.7
—4.284 LUMO 24.7 15.6 6.3 17.0 2.2 23.3
d* and d? Complexes: Early Transition Metals. E (eV)
Metallacumulene complexes with d? or d* metal frag-

ments are quite rare. To the best of our knowledge, a
few vinylidenes of the mainly half-sandwich d* metal
fragment of group 61215 and one allenylidene derivative
of a d2 metal fragment of group 4, (Cp)2(PMe3)Ti(=C=
C=CPh,), have been isolated (see Scheme 1).** In the
present paper a series of calculation have been carried
out on Ti d2 and Mo d* complexes of the type (Cp).PHs-
TiCyH2 and Cp(PH3):MoCrH, with n = 4, 5, to gain
some insight into the main structural and electronic
properties of these compounds and, eventually, to find
an explanation for the marginal role of such complexes
in the allenylidene and metallacumulene series.

The geometries of these complexes have been opti-
mized under Cs symmetry and are shown in Figure 1.
Both orientations of the cumulene plane with respect
to the symmetry plane of the complex were considered,
and for either d* or d2? fragments the minimum energy
orientation is attained with the C4H, plane lying in the
symmetry plane and the CsH; plane lying perpendicu-
lar, a reversed situation compared to d® and d® com-
plexes. This different orientation is a consequence of the
different nature of the highest metal d, orbital, which
is of 2’ symmetry for d? and d* fragments and of a"
symmetry for d® and d® fragments.

A comparison of the calculated structures with ex-
perimental geometries is not possible due to the lack of
any X-ray data. The C—C bond lengths of the d?
complexes’ cumulene moieties are very similar to those
of the corresponding d® complexes, with a marked
polyyne character in the odd-chain complex and a purely
cumulenic character in the even one. For d* complexes
the situation is reversed: the even-chain metallacumu-
lene shows a pronounced “polyyne-alkynyledene” char-
acter, while the odd-chain complex is mainly cumulenic.
An explanation for such a behavior can be given by
means of a detailed analysis of the orbital interactions
(vide infra).

The interaction diagrams for both d* and d? complexes
(see Figures 5 and 6 for the Cs cumulenes) show that
only one of the two d orbitals is filled, so that & back-
donation occurs only in one plane. Since d* and d?
compounds show different and peculiar interaction
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Figure 5. Orbital interaction diagram for the complex [Cp-
(PH3)2Mo(=C)sH.]*.

modes with the cumulene moiety orbitals, in the fol-
lowing they will be dealt with separately.

The [Cp(PH3).Mo]™ d* fragment has the same frontier
orbital pattern of the [Cp(PH3)2Ru]*" d® fragment: the
four valence electrons of the metal are located in dy2-y2
and dy; orbitals, HOMO—-1, and HOMO respectively,
while the dy, orbital is now empty and constitutes the
LUMO. All orbitals are raised in energy compared to
those of the corresponding [Cp(PHs),Ru]* d® complex,
as expected for an earlier transition metal. The interac-
tion pattern with the cumulene moiety (see Figure 5 for
Cs) shows the same ¢ donation from the cumulene lone
pair to the empty d,2 and & back-donation from the filled
dy; to the empty cumulene LUMO observed for the d®
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and d® fragments discussed above. However, since the
second d, (dy,) is empty, the second & interaction in the
perpendicular plane between the filled dy, and the filled
cumulene HOMO and empty LUMO+1 (corresponding
to a destabilizing two-orbital four-electron interactions
and to a minor & back-donation interaction, respectively)
observed for d and d® complexes is now replaced by a
stabilizing cumulene to metal & donation.

As a consequence of this different set of interactions,
the nature of the metallacumulene frontier orbitals is
strongly affected. In particular the correlation between
the HOMO of the complex and the HOMO of the
cumulene moiety and between the LUMO of the com-
plex and the cumulene LUMO, characteristic of d® and
d® complexes, is now reversed; that is, the highest MO
of the complex with cumulene character (the HOMO—
1) correlates with the cumulene LUMO, while the
LUMO of the complex correlates with the cumulene
HOMO. This inversion has important consequences on
the geometric structure and reactivity pattern of d*
complexes. Indeed the different nodal distribution of the
HOMO of these d* complexes determines the reversed
cumulenic geometry of odd-chain and polyyne geometry
of even-chain complexes. On the other hand the break-
down of the contributions from the metal and carbon
atoms along the chain shows that the HOMO-1 is
mainly localized on the odd while the LUMO on the even
carbon atoms (see below). Therefore, the localization on
even/odd-numbered carbon atoms of the cumulene chain
and the regioselectivity toward nucleophilic and elec-
trophilic attacks are inverted with respect to d and d®
complexes: even carbon atoms are expected to undergo
nucleophilic attack and odd carbon atoms electrophilic
attack. Since no allenylidene or higher d* cumulene
complexes have been synthesized so far, a comparison
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with experimental reactivity pattern is not possible. The
low energy of the LUMO and the small HOMO—-LUMO
gap (ca. 0.5 eV) make this class of metallacumulenes
highly reactive, in agreement with the experimental
difficulties of synthesizing any allenylidene or higher
d* cumulene complex.

The absence of any destabilizing two-orbital four-
electron interactions and the increased xr back-donation
(due to the energy increase of the metal d, orbitals,
which come closer to the cumulene LUMO) lead to quite
large overall bonding energies, as can be seen in Table
2. As a result, the metal—cumulene bond is strong and
d* compounds are expected to be thermodynamically
quite stable. The energy decomposition by the Ziegler
scheme in Table 3 shows indeed that for molybdenum
d* complexes Eqmp gives the main contribution to the
dissociation energy. The different symmetry of the
accepting d, in d* complexes than in the d® and dé®
analogues (a' vs @") allows a direct comparison only with
complexes of C,, symmetry in which the two orthogonal
st contributions are separated. The “in-plane” Ea con-
tribution, which takes into account ¢ donation and x
back-donation, is significantly larger when compared
with the Ea; + Eg, contributions (which allow for the
same effects) for d® metallacumulenes and only slightly
lower than in the very stable d® complexes, confirming
the increased & back-donation in these d* complexes.
At the same time, the “out-of-plane” Ea- is also slightly
larger than the corresponding Eg; contributions, show-
ing an energy gain on passing from the combined
destabilizing two-orbital four-electron and minor sz back-
donation interactions in d® and d® complexes to the =
donation in d* metallacumulenes.

The [(Cp)2(PH3)Ti] d? fragment, besides having only
two electrons in the valence orbitals, differs from d*—
and the analogous d®—fragments also for the energy
level pattern. Indeed, the presence of two Cp ligands
induces a destabilization of the dy2-y2, dyy, and dy,, while
the dy, and d;2 are lower in energy and become the
HOMO and LUMO of the metal fragment, respectively
(Figure 6); moreover, all orbitals are shifted to higher
energies, as expected for an earlier transition metal.
These two factors, i.e., the different orbital sequence and
their increase in energy, affect the bonding interactions
with the cumulene moiety. In particular ¢ donation is
expected to be smaller, because of the larger energy gap
between the higher energy metal d,2 orbital and the
cumulene lone pair, while & back-donation is expected
to be larger, because of the high energy of the occupied
donating dy, orbital, which become closer to the cumu-
lene LUMO. At variance with the d* analogues, these
d? complexes lack almost any z donation in the plane
orthogonal to & back-donation since the dy, orbital,
which would have the correct symmetry to interact with
the cumulene HOMO, lies too high in energy for such
an interaction to take place.

Due to this set of interactions, the HOMO and the
LUMO of the d? complexes both correlate with the
LUMO of the cumulene moiety, a situation different
from both d* and d®—d® complexes. Indeed, the break-
down of the contributions from the metal and carbon
atoms along the chain (see Table 5) shows that both the
HOMO and LUMO are mainly localized on the odd
carbon atoms. Therefore, the regioselectivity of these
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(Cp)2PH3TiC,H, complexes toward both nucleophilic
and electrophilic attacks is directed to odd carbon atoms,
the former remaining the same as d® and d8 complexes,
the latter being inverted. Unfortunately, no comparison
with experimental data is possible since the reactivity
of (Cp)2PH3TiC3Ph,, the only synthesized d? allenylidene
complex,* has not been characterized.

As for d* complexes, the lack of the destabilizing two-
orbital four-electron interaction and the increased x
back-donation lead to quite large overall bonding ener-
gies (see Table 2) and therefore to thermodynamically
quite stable d? compounds.

The dissociation energies of d? complexes (see Table
2) are quite large and comparable with the highest
among those for d® complexes but smaller than d*
complexes, as a consequence of the lack of the &
donation. The results of the energy decomposition
analysis reported in Table 3 show that the contribution
corresponding to o donation and to & back-donation,
occurring in the A’ representation, is quite large, es-
sentially due to the extremely effective & back-donation,
and is comparable to that of d* complexes and higher
than that of most d® and d® compounds. The value of
the Ear contribution is much smaller than for all the
other complexes, thus confirming that cumulene to
titanium 7z donation is extremely weak, as discussed
above.

The HOMO and the LUMO of d? complexes both lie
high in energy, so that these complexes are expected to
be very reactive with the cumulene chain more exposed
to electrophilic rather than nucleophilic attack.

In conclusion d* and d? electron-poor metal fragments
are expected to give thermodynamically stable com-
plexes, because of their peculiar interactions with the
cumulene orbitals. However, this does not automatically
correspond to a kinetic stability, both d* and d? com-
plexes being rather reactive under electrophilic and/or
nucleophilic attacks, which would explain the experi-
mental difficulty of their synthesis and characterization.

Conclusions

In this paper we performed density functional calcu-
lations on a series of metallacumulene complexes L,M-
(=C)nH> with several ML, metal fragments to study the
electronic structure, the bonding, and the reactivity of
these complexes and how they are affected by the metal
termini. We considered the metal fragments [(Cp).-
(PH3)Ti], [Cp(PH3):Mo]*, [(CO)sCr], [(CO)sMo], [(CO)sW],
[Cp(dppe)Fe] ™, [trans-Cl(dppe)Rul®, [Cp(PMes).Ru]",
[BzCI(PH3)Ru]t, [trans-CI(PH3),Rh], and [trans-CI(PH3),-
Ir], which are quite common in the chemistry of metal
vinylidene, allenylidene, and higher cumulenes and
range from a d? to a d® configuration and from electron-
poor to electron-rich character.

The optimized geometries calculated for the consid-
ered complexes have been found in good agreement with
the available X-ray data and show that the peculiar
carbon—carbon bond alternation superimposed to an
average cumulenic structure, which is typical of these
systems, is only slightly perturbed by the nature of the
metal fragment, with the exception of the d* [Cp(PHz3),-
Mo]*.

We have calculated bonding energies for all consid-
ered systems and discussed their dependence on the
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nature of the metal termini. We found that an increase
of the electron richness within d® metal fragments
causes a slight decrease of metal—cumulene bond
energy. Moreover, bond energies for d® and, to a lesser
extent, d*—d? complexes are larger than those for the
d® analogues.

The charge distribution and the localization of the
molecular orbitals have been employed to explain the
known reactivity patterns of this class of complexes and
to forecast their variation with the nature of the metal
fragment for both even and odd chains. For d® and d®
complexes, the breakdown of the contributions from the
metal and the carbon atoms along the chain to the
HOMO and LUMO shows that the HOMO has contri-
butions mainly from the metal and the carbon atoms
in even positions along the chain (C,, Cg4, Cg, ...) while
the LUMO has contributions mainly from the carbon
atoms in odd positions along the chain (C4, C3, Cs, ...)
determining the regioselectivity of, respectively, the
electrophilic and nucleophilic attack to these atoms, in
agreement with the experimental reactivity patterns of
all known carbon- and heteroatom-substituted metal-
lacumulenes. Therefore, the localization of the HOMO
and LUMO on even/odd-numbered carbons is essentially
unaltered by variations in the metal electron count from
d® to d® or in the electron richness, so that no changes
in the regioselectivity are foreseen. However it is worth
noting the presence of a high lying occupied ds metal
orbital in d® complexes, suggesting that an orbital-
controlled electrophilic attack should occur at the metal
center, all the more so, as it is more sterically accessible
in their square-planar coordination. On the other hand,
the energy of the LUMOSs of the complexes rises with
(i) an increase of the electron richness within d® series
and (ii) an electron count change from d® to d®, thus
leading in both cases to a reduced reactivity toward
nucleophilic attack. Therefore, increasing electron rich-
ness in the d° series is expected to give thermodynami-
cally slightly less stable but kinetically less reactive
complexes without variations in the regioselectivity of
nucleophilic and electrophilic attack. On the other hand,
dé metal fragments are expected to give more stable
complexes both from a kinetic and from a thermody-
namic point of view, with the metal center playing an
important role in their chemistry.

d? and d* complexes show peculiar geometric and
electronic properties. In particular for d* complexes the
pattern of C—C bond length is inverted with respect
to that typical of d® and d® metallacumulenes: the
even-chain complexes show a pronounced “polyyne-
alkynylidene” character, while the odd-chain complexes
are mainly cumulenic.

Moreover, for d* complexes, the breakdown of the
contributions from the metal and carbon atoms along
the chain shows that the HOMO is mainly localized on
the odd while the LUMO on the even carbon atoms.
Therefore, the localization on even/odd-numbered car-
bon atoms of the cumulene chain and the regioselectivity
toward nucleophilic and electrophilic attacks are in-
verted with respect to d® and d® complexes: even carbon
atoms will undergo nucleophilic attack and odd carbon
atoms electrophilic attack. At the same time for d?
complexes, the HOMO and LUMO are mainly localized
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on the odd carbon atoms, so that their regioselectivity
toward both nucleophilic and electrophilic attacks is
directed to odd carbon atoms, the former remaining the
same as d® and d@ complexes, the latter being inverted.

In conclusion d* and d? electron-poor metal fragments
are expected to give thermodynamically stable but
kinetically very reactive complexes with a peculiar
regioselectivity pattern, which would explain the ex-
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perimental difficulty of their synthesis and character-
ization.

Supporting Information Available: Results of Mulliken
population analysis: gross atomic charges on the metal and
cumulene carbon atoms. This material is available free of
charge via the Internet at http://pubs.acs.org.
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