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DFT calculations have been performed on the [CI(PH3)4RuC,H;]", CI(PH3)4RuC,H,, and
[CI(PH3)4RUCLH,]~ (n = 1—8) series. Analysis of their optimized geometries and electronic
structures allows complete rationalization of their bonding, thermodynamic stability, and
reactivity. The theoretical results are in full agreement with the available experimental

data on related ruthenium cumulene compounds.

Introduction

Conjugated hydrocarbon molecules and polymers
have always attracted great interest from the whole
community of chemists, due not only to their numerous
potential physical and chemical properties but also to,
on the more academic side, their peculiar electronic
structures, especially with respect to the understanding
of their stability and properties.! The modification of
the properties and/or stability of a conjugated molecule
can be done in many ways, a simple one being the
incorporation of heteroatoms.!t¢2 From this point of
view, it is noteworthy that several groups have recently
developed a fast-growing chemistry of compounds made
of unsaturated carbon wires of various sizes capped at
one or two ends by organometallic MLy units.3~18 This
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Ruthenium Cumulene Complexes

or as electronic devices in molecular engineering
processes.’>~18 For these reasons, their electronic struc-
tures are also currently being investigated with the help
of various quantum-chemical methods. 9a.11.19-23

In this paper, we use density functional theory (DFT)
to study the electronic structure of a series of ruthenium
cumulene cations as well as their homologues reduced
by one and two electrons. The simplified formulas [CI-
(PH3)4RUCLH]* (n = 1-8) have been chosen to model
the [X(dppe)2RUCnRz]" (X = Cl, PhCC; dppe = P(Ph),-
(CH2)2P(Ph)2; R = Ph, CHg) series, the chemistry of
which has been developed by some of us.#™8 So far,
complexes up to n = 5 have been prepared.*> Three of
them have been characterized by X-ray diffraction,
namely [(PhCC)(dppe).RuCsPh,]*, [Cl(dppe).RuC3(NEt,)-
(CHCPhy)]*, and [Cl(dppe).RUCsPh,]*.4% It is note-
worthy that all these complexes contain an odd number
of carbon atoms in their cumulene chain, species bearing
an even number of carbons appearing to be less stable.
Cyclic voltammetry shows that the [X(dppe).RuCnRz]"
18-electron complexes can be reversibly reduced by one
electron. Although no neutral species has been so far
isolated, the Cl(dppe);RuCsR, (R = Ph, CHz) and
Cl(dppe),RuCsPh; radicals centered on the carbon chain
have been characterized by EPR spectroscopy and
hydrogen capture reactions.®

We provide below a complete description of the
bonding for this series of compounds as well as for their
two reduced states. We analyze the variation of the
electronic properties with respect to the cumulenic chain
length, and we propose a rationalization of their elec-
trochemical behavior and reactivity.

Computational Details

Density functional calculations were carried out using the
Amsterdam density functional (ADF) program developed by
Baerends and co-workers?* using the local density approxima-
tion in the Vosko—Wilk—Nusair parametrization.?®> Nonlocal
corrections for the exchange and for the electron correlation
were performed using the Becke88 functional®® for the ex-
change and the Perdew86 functional®’ for the correlation. The
standard ADF STO basis set IV, of triple-¢ quality for the
valence orbitals, was used for all the atoms. The frozen-core
approximation was assumed.?® The numerical integration
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procedure applied for the calculations was developed by te
Velde et al.?° The optimization procedures and calculations of
the normal vibrational mode frequencies were carried out
according to the method developed by Ziegler et al.*° For all
the open-shell systems, spin-polarized calculations were per-
formed.

Results and Discussion

1. The 18-Electron [CI(PH3)4RUCLH;]T Series.
DFT calculations were carried out on the model series
[CI(PH3)4RUCH,]T (n = 1—8; see Computational De-
tails). Full geometry optimization without any sym-
metry constraint yielded geometries which can be
described as slightly distorted ideal structures of C,,
symmetry, with the CyH, plane lying in a staggered
position with respect to the phosphine ligands. The
origin of the slight distortion away from C,, originates
from steric repulsions between hydrogen atoms of the
phosphine ligands. Thus, the RuC, chains are almost
perfectly linear, as exemplified by the optimized geom-
etry of the [CI(PH3)4RUuC7H;]* model, which is shown
in Figure 1.

The major computed bond distances of the [CI(PH3)4-
RuC,H;]" cations are given in Figure 2. The optimized
geometries exhibit structural trends similar to those
previously computed on related isoelectronic com-
plexes.?%:28 The Ru—C distances become longer when n
increases, and they are longer for odd values of n than
for even values of n. However, this difference between
odd and even chains tends to vanish as n increases, with
a common asymptotic Ru—C distance of ~1.92 A. This
distance corresponds to a ruthenium—carbon double
bond. The optimized geometries of [CI(PH3)4sRUC3H,]"
and [CI(PH3)4RuCsH,]* are in satisfying agreement with
the X-ray molecular structures of [Cl(dppe).RuC3(NEt,)-
(CHCPh,)]* and [Cl(dppe),RuCsPh,]*.”8 In these com-
pounds, the sequence of the experimental bond dis-
tances (in A) along the RuC, chain (starting from Ru)
are 1.962, 1.229, 1.409 and 1.900, 1.250, 1.300, 1.240,
1.360 for the former” and the latter,® respectively.

The MO diagrams of the [CI(PH3);RuUC,H,]* series are
shown in Figure 3, in which the HOMO and LUMO
percentages of localization on the ruthenium atom and
the C,, chain are also indicated. As expected, the HOMO/
LUMO gap decreases as n increases. Some odd/even
damped oscillation of this gap can also be noticed. The
HOMO and LUMO localization of these MO’s on the C,
chain increases with n.

The MO interactions between the [CI(PH3)4Ru]" and
the C3H, and C4H, fragments are schematically il-
lustrated in parts a and b of Figure 4, for the [CI(PH3)4-
RuCs3H]*t and [CI(PH3)4RUC4H,]T complexes, respec-
tively. As a detailed bonding analysis within the related
isoelectronic (CO)sCrCnH, series has been recently
provided by Re et al.,2% we only briefly report here the
main outlines. The & manifold of the planar C,H; ligand
can be divided into two categories: namely the MOs
which are perpendicular to the CyH, plane (labeled 7p)
and those which lie in this plane (m). There is no
degeneracy between the p and the o orbitals, since the
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Figure 2. Major optimized bond lengths for the [CI(PH3),-
RuC,H,]"%~ series: (bottom) cation; (middle) neutral spe-
cies; (top) anion (S = 0). In the case of n = 1, 2, the anionic
species were found to be unstable with respect to phosphine
dissociation.

latter can mix with the hydrogen AOs while the former
cannot. As a consequence of topology, when n is even,
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Figure 1. DFT-optimized geometry of [CI(PH3);RUC;H,]*, CI(PH3)sRUC,H,, [CI(PH3)4RUC;H,]~ (S = 0), and [CI(PH3);RuCgH,]~
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Figure 3. MO level ordering of the [CI(PH3)4sRuC,H;]*
series. The percent contributions of the metal atom and
the C, chain to the HOMOs and LUMOs are given in
brackets.

the HOMO and LUMO of C,H; are zg and o, respec-
tively. When n is odd, the opposite situation occurs. The
MLs-type [CI(PH3)4Ru]™ fragment has C,, pseudosym-
metry and therefore possesses two almost degenerate
occupied s-type frontier molecular orbitals (FMO) of g
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[CI(PH3),RUC3H,]t and (b) [CI(PH3)sRUC4H;]" complexes.
Ideal C,, symmetry is assumed.

and m symmetries, which are the HOMOs of this
fragment. One of them interacts in a destabilizing way
(four-electron repulsion) with the C,H, HOMO, and the
other one interacts in a stabilizing way (two-electron
attraction) with the LUMO of CyH,. To a first ap-
proximation the HOMO of a [CI(PH3);RuC,H2]* complex
can be described as an antibonding combination of the
HOMO of the C,H, fragment and the same symmetry
m-type HOMOs of the [CI(PH3)4Ru]* fragment. Simi-
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Table 1. Decomposition of the Orbital Interaction
Energy (Eoi)? and Bond Dissociation Energy
(BDE)P for the [CI(PH3)4RUC,H2]" Series
Corresponding to the Formation of the
[CI(PH3)4RuU]* and [CH;] Fragments (Values in
kJ mol™1)

N Epauli  Eelectrostatic Ea1 Ea2 Ep1 Ep2 Eol BDE
1 888 —840 —270 1 —28 —241 -—538 —490
2 820 —723 —249 0 —183 —75 -—511 -—414
3 763 —705 —246 1 —64 —176 —488 —430
4 1089 —904 —293 0 —191 -115 -602 —417
5 1098 —922 —297 0 —108 —198 —-606 —430
6 1093 —915 —294 0 —180 -—125 -—-604 —426
7 1097 —925 —296 0 —119 -187 -606 —434
8 1095 —913 —295 0 -—175 -132 —-605 —423

2Eol = Ea1 + Ea2 + Ep1 + Ep2. b BDE = Epauii + Eelectrostatic +
Eor.

larly, the LUMO of the [CI(PH3)4RuC,H]" complex can
be roughly described as an antibonding combination of
the LUMO of C,H; with the other HOMO of the
CI(PH3)4Ru™ fragment. Additional two-electron stabili-
zation is provided by the interaction of the second
LUMO of CyH; with the metallic HOMO having the
same symmetry. This MO analysis is exemplified for the
n = 3, 4 cases by the diagrams of Figure 4.

Following the analysis of Re et al. on the (CO)sCrCyH>
series,2%2 we have carried out a fragment analysis which
includes an FMO population analysis and the decom-
position of the bonding energy between the fragments
in the way proposed by Ziegler et al.3® The bond
dissociation energy (BDE) corresponding to the forma-
tion of the CyH, and [CI(PH3)4Ru]" fragments consid-
ered in their lowest singlet state from a [CI(PH3)s-
RuC,H2]™ molecule is decomposed into an electrostatic
term, a Pauli repulsion term, and the different irreduc-
ible representation contributions to the orbital inter-
action energy. In simple MO theory, the Pauli repulsion
term is approximated as the result of the four-electron/
two-orbital destabilizing interactions, whereas the or-
bital interaction term results from the two-electron/two-
orbital bonding interactions.32 Our computed results are
reported in Table 1. In these calculations, geometries
of the isolated fragments were not allowed to relax and
the constraint of ideal C,, symmetry was applied, so that
the b; and b, irreducible representations correspond to
the m and 7z orbitals, respectively. Our computed data
follow qualitative trends similar to those obtained by
Re et al. on the (CO)sCrC,H, series.2%a With the excep-
tion of the n = 1 special case, the BDE, which corre-
sponds to the sum of the steric and the orbital inter-
action terms, varies weakly with n. It is slightly larger
for complexes with n = odd than for complexes with n
= even.

As can be deduced from the above description of the
s-type interactions, when n is odd, the b, (770) contribu-
tion to the orbital interaction energy is larger than the
b1 (/1) component, whereas the opposite situation occurs
when n is even. The sum of the b; and b, z-type
contributions exhibits odd/even oscillations which are
consistent with the oscillations of the Ru—C distances

(31) (a) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. (b)
Ziegler, T. NATO ASI Ser. 1986, No. C176, 189.
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Trans. 1997, 3605.
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Table 2. HOMO and LUMO Localization and Atomic Net Charges Computed for the [CI(PH3)sRUC H,]"

Series
n Cl Ru total C Cc(1) Cc() Cc@3) C(4) C(5) C(6) C(@7) C(8)
HOMO % 53 42 0 0
LUMO % 2 27 62 62
net charge -0.43 0.69 -0.17 -0.17
2 HOMO % 39 38 23 3 20
LUMO % 2 20 61 59 2
net charge —0.46 0.66 —0.12 —0.26 0.14
3 HOMO % 30 40 26 6 20 0
LUMO % 3 18 75 32 6 37
net charge —0.44 0.60 —0.10 —0.28 —0.03 0.21
4 HOMO % 23 32 43 6 17 2 18
LUMO % 2 15 73 34 3 35 1
net charge —0.45 0.60 —0.10 —-0.31 —0.05 0.07 0.19
5 HOMO % 18 31 a7 8 17 4 17 1
LUMO % 2 14 82 22 5 23 3 29
net charge —-0.45 0.61 —0.09 —-0.34 —0.06 0.03 0.04 0.24
6 HOMO % 13 26 60 8 14 3 15 2 18
LUMO % 2 12 79 23 3 25 2 26 0
net charge —0.45 0.60 —0.08 -0.34 —0.08 0.03 0.01 0.11 0.19
7 HOMO % 11 25 60 9 14 5 14 3 15
LUMO % 2 12 85 16 3 17 3 20 2 24
net charge —0.45 0.61 —-0.07 -0.35 —0.09 0.00 0.01 0.07 0.06 0.23
8 HOMO % 10 22 68 8 12 4 12 2 13 2 15
LUMO % 2 10 82 17 4 18 2 20 1 20 0
net charge —0.45 0.61 —0.04 -0.34 —0.09 0.00 —-0.01 0.07 0.03 0.10 0.20

and of the HOMO/LUMO gap. However these oscilla-
tions tend to vanish when n increases, so that the sum
of the b; and b, contributions remains almost constant
when n > 3. A similar situation occurs for the a; (o-
type) contribution, so that the total orbital interaction
term is also almost constant for n > 3. Conversely, the
Pauli and electrostatic terms exhibit odd/even oscilla-
tions which are out of phase. However, the amplitudes
of the oscillations of the electrostatic term are larger,
so that they dominate the total bonding energy (Table
1). Consequently, complexes with n = odd appear
somewhat to be more thermodynamically stable than
complexes with n = even. This may explain why only
complexes with n = 3, 5 have been prepared so far.
The Mulliken atomic net charges computed for the
[CI(PH3)4RUCLH]" series are given in Table 2. The
variation of the carbon charges along the C, chains
exhibits qualitative trends similar to those of the
(CO)sCrCpH, series.2%2 However, the carbon atom bonded
to the metal is significantly more negatively polarized
in the ruthenium series. This is due to the presence of
the z-donor chloride ligand trans to the cumulenic
chain. On the other hand, the terminal carbon is more
positively polarized in the ruthenium series. The per-
centage localization of the HOMOs and LUMOs of the
[CI(PH3)4RUC,H,]" series along the CIRUC,, chain is also
given in Table 2. These values are close to those
obtained by Re et al. for the (CO)sCrC,H; series,2%2
indicating that the electron donor effect of the chloride
ion is spread out over several occupied MOs. It is also
important to note that the HOMOs of the ruthenium
compounds have some chlorine character. As n in-
creases, the contributions of the C,, chain to the HOMO
and LUMO increase, whereas the Ru and CI contribu-
tions decrease. The localization of the LUMO along the
carbon chain suggests that an orbital-controlled nucleo-
philic attack should occur at C(odd) atoms. On the other
hand, arguments based on charge control strongly
disfavor C(1) as a nucleophilic attack site. This is in
agreement with the experimental finding on [CI-
(dppe)2RuCsPh,]* and [Cl(dppe).RuCsPh,]*, which have

been shown to react with nucleophiles at C(3) and C(5)
but not at C(1).47% In these complexes, the nonreactivity
of C(1) can also be interpreted as resulting from the
steric protection by the dppe ligands.

The HOMO localization favors the C(even) atoms for
an orbital-controlled electrophilic attack, whereas argu-
ments based on charge control strongly disfavor the
distal carbon atom, even in the case of even chains.
However, both conclusions are consistent with the
observation of C(2) as being the protonation site in [CI-
(dppe)2RuCsMeR]* (R = Ph, Me, H).3% Rather similar
conclusions on the electrophilic attack sites were found
by Koentjoro et al. in their calculations on Ru'" polyynyl
complexes.??

2. The CI(PH3)4sRuCnH; Series. Compounds of the
type [Cl(dppe):RUC,Ph,]* (n = 3, 5) have been shown
by cyclic voltammetry to undergo two one-electron
reduction waves, the first one being reversible. More-
over, the corresponding Cl(dppe);RuUC,R, (n = 3, 5)
neutral species have been spectroscopically (EPR) and
chemically characterized in solution, although not iso-
lated in the solid state, so far.>=8 This is why we have
undertaken DFT calculations on the CI(PH3)4RuUC,H
(n = 1-8) series. From simple Lewis theory, the two-
electron reduction of a [Cl(dppe).RUCnR2]" complex is
expected to lead to canonical formulas indicating some
sp? or (terminal) sp® carbon atoms. Thus, assuming that
the [Cl(dppe),RuC,R2]~ anion is stable, some bending
of its C,, chain, possibly associated with some pyrami-
dalization of the terminal carbon atom, may be antici-
pated. By interpolation, the one-electron reduction of
[Cl(dppe).RUCLR,]* is also expected to induce some,
although less pronounced, bending or pyramidalization.
Surprisingly, full geometry optimization without any
symmetry constraint yielded geometries of pseudo-Csy
symmetry with linear C, chains and planar coordination
for the terminal tricoordinated carbon (i.e. similar to
those of their cationic relatives), with the exception of

(33) Touchard, D.; Rigaut, S. Unpublished results.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on March 13, 2003 on http://pubs.acs.org | doi: 10.1021/om020543c

Ruthenium Cumulene Complexes

Organometallics, Vol. 22, No. 8, 2003 1643

Table 3. SOMO Localization, Spin Density, and Atomic Net Charges Computed for the CI(PH3),RUC.H;

Series
n Cl Ru total C C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(8)
1 SOMO % 3 25 64 64
spin density 0 0.05 1.03 1.03
net charge —0.56 0.64 —0.19 —0.19
2 SOMO % 5 26 54 54 0
spin density 0.03 0.14 0.67 0.79 -0.12
net charge —0.57 0.67 —0.26 —0.32 0.06
3 SOMO % 2 13 81 34 6 41
spin density 0 0.05 1.02 0.49 —0.16 0.69
net charge —0.56 0.64 —0.38 —0.33 —-0.10 0.05
4 SOMO % 1 10 78 36 3 38 1
spin density 0 0.04 0.84 0.54 —0.18 0.61 —0.13
net charge —0.55 0.65 —0.44 —0.38 -0.11 —0.05 0.10
5 SOMO % 1 10 87 23 5 24 3 32
spin density 0 0.04 1 0.32 -0.11 0.39 -0.17 0.57
net charge —0.55 0.65 —0.46 —0.37 —0.13 —0.06 0 0.10
6 SOMO % 1 8 84 24 3 27 2 28 0
spin density 0 0.04 0.87 0.37 —0.13 0.44 -0.17 0.48 -0.12
net charge —0.54 0.65 —0.49 —0.38 —0.13 —0.07 —0.03 0.01 0.11
7 SOMO % 1 8 90 17 3 18 3 21 2 26
spin density 0 0.04 1 0.24 —0.08 0.29 —0.13 0.36 —0.17 0.49
net charge —0.54 0.65 —0.52 —0.37 —0.15 —0.07 —0.03 —0.02 0.01 0.11
8 SOMO % 1 7 87 18 3 19 2 22 1 22 0
spin density 0 0.04 0.88 0.28 —-0.10 0.33 —-0.15 0.39 —0.16 0.40 -0.11
net charge —0.54 0.64 —0.53 -0.37 —0.14 —0.08 —0.04 —0.02 —0.02 0.02 0.12

CI(PH3)4RuUC3H,, in which the Ru—C(1)—C(2) angle is
146° (see Figure 1).

The major bond distances in the CI(PH3)4;RuCyH>
radicals are given in Figure 2. Comparing these data
to those of the corresponding cations, a lengthening of
most of the bond distances can be noted. From this point
of view, it is noteworthy that the Ru—CI bond length
increases significantly upon reduction but decreases
with n. This is consistent with the Ru—CI antibonding
character of the [CI(PH3);RuCH;]t LUMO (Table 2),
which decreases with n as well. On the other hand, some
of the C—C bonds are shortened upon reduction. In
particular, the C(1)—C(2) bond is shorter by ~0.02 A in
the reduced form in all of the complexes, except when
this bond is the terminal one. The C(3)—C(4) bond is
also shortened, but more slightly, when n > 4, as well
as the C(5)—C(6) bond when n > 6. Thus, the general
tendency is a shortening of the C(odd)—C(even) bonds,
providing they are not the terminal C—C bond of the
chain. This shortening is rapidly damped when the C—C
bond moves away from the metal. This effect is consis-
tent with the bonding character of the considered bonds
in the [CI(PH3)4RUC,H;]" LUMO. Thus, there is a
tendency toward some carbyne-type character of the
part of the chain which is close to the metal. These
theoretical calculations are consistent with the experi-
mental data, which indicate significant localization of
the single electron on the terminal carbon.® It is
noteworthy that this effect is also present in CI(PH3)s-
RuC,H,, despite the 146° bending at C(1). Calculations
on CI(PH3)4RuC;H; assuming C,, symmetry (i.e. a linear
C, chain) lead to an energy which is only 0.012 eV
higher than that of the bent structure with very similar
bond lengths.

The Mulliken net charges and spin densities com-
puted for the CI(PH3),RuC,H> series are given in Table
3, together with the percentage of localization of the
singly occupied molecular orbital (SOMO). For all the
computed models, this latter orbital is very similar to
the LUMO of the corresponding cation (compare Tables
2 and 3).

The major change occurring upon populating this
orbital with one electron is a small decrease of its metal
localization at the expense of the C,, chain. Interestingly,
although the CI(PH3)4RuC,H, SOMO still has some
significant Ru localization, there is very little spin
density on the metal (Table 3), even in the case of n =
1. Clearly, the occupation of the [CI(PH3)4sRUCH]"
LUMO induces significant electronic and spin relax-
ation. Thus, the one-electron reduction of the [CI(PH3),-
RuCrH]* cations affects primarily the C,, chain, so that
the CI(PH3)4RuCLH; species are better described as 18-
electron Ru'! centers bonded to a radical (C,H)™~ ligand
rather than their being 19-electron complexes.

The calculations are in full agreement with EPR
measurements and hydrogen capture experiments on
the reduced species, which indicate localization of the
single electron on the Cy chain.t

The adiabatic ionization potentials of the CI(PH3)s-
RuC,H; (n = 1—-8) compounds, calculated as the energy
difference between the neutral and cationic species, are
shown in Figure 5. The plot shows odd/even oscillations,
indicating that the neutral radicals having an odd
number of carbon atoms are more difficult to oxidize:
i.e., the corresponding cations are easier to reduce. The
oscillations are damped as n increases, and the ioniza-
tion potential tends to an asymptotic value of ~6 eV.
These oscillations are consistent with the simple view
of oxidizing a (ChHy)~ ligand bonded to a Ru'' center
since, as a consequence of topology, the HOMO of
(ChH2)~ when n is odd is expected to lie at a lower
energy than that of (Cn+1H2)™.

3. The [CI(PH3)4sRuCLH2]~ Series. As stated above,
cyclic voltammetry of the compounds [Cl(dppe),RUChR2]*
(n = 3, 5) exhibits two one-electron reduction waves. In
contrast to the first wave, the second one is irreversible.
To investigate the stability and properties of the bire-
duced states of the cationic species, we have also
undertaken DFT calculations on the [CI(PH3)4sRUC,H2]~
(n = 1-8) series. The anions correspondington =1, 2
were found to be unstable with respect to phosphine
dissociation. Anions with longer carbon chains were
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Figure 5. Computed adiabatic ionization potentials and
electron affinities (in eV) plotted as a function of n for the
CI(PH3)4RUCLH; series.

found to be stable, with their lowest singlet and triplet
states lying close in energy. In all the cases the singlet
state is computed to be the ground state, by 0.02, 0.08,
0.06, 0.04, 0.17, and 0.09 (in eV) for n = 3—8, respec-
tively. The geometry optimizations of both spin states
were carried out without any symmetry constraint. The
optimized singlet state geometries are close to the ideal
Cs symmetry, as exemplified by the structures of
[CI(PH3)4sRUC7H;]~ and [CI(PH3)4sRUCgH2]~, which are
shown in Figure 1. They are all significantly bent at
C(2), with bending angles equal to 132, 119, 126, 133,
138, and 128° for n = 3—8, respectively. This bending
is associated with a rather short C(1)—C(2) separation,
as can be seen in Figure 2, which shows the bond
distances optimized for the singlet state of the anionic
series. On the other hand, the Ru—C(1) distance is
significantly longer in the anion as compared to the
cation (Figure 2). There is no pyramidalization of the
terminal carbon in the anions. In the case of the odd-
carbon chains, the CH; plane is perpendicular to the
plane defined by Ru, C(1), and C(2), whereas it lies in
this plane in the case of the even chains (see the n =7
and n = 8 examples in Figure 2). This structural
behavior is indicative of an allenic type of the carbon
chain.

The optimized triplet state geometries are not sig-
nificantly different from C,, symmetry, with linear C,
chains, as in the cationic series. The corresponding bond
distances are provided in Table S1.

The electron affinities of the CI(PH3)4sRuUC,H, (n =
3—8) compounds, calculated as the energy difference
between the ground states of the anionic and neutral
species, are plotted with respect to n in Figure 5. As for
the ionization potentials, the electron affinity increases
with n, but without significant odd/even oscillations.

Auger et al.

The computed atomic net charges are provided in
Table S2 for both singlet and triplet states. The singlet
state has a more negative C(1) atom and a more positive
metal than its triplet counterpart. This is in agreement
with the bending of the singlet state geometry at C(1),
which is indicative of a reduced, formally (CnH)?",
carbon chain bonded to an 18-electron metal center.

Summary and Conclusion

Analysis of the electronic structure of the 18-electron
[CI(PH3)4RUCLH2]" model complexes indicates that the
linear CH; ligand is somewhat more strongly bonded
to the [CI(PH3)4Ru]™ unit when n = odd, in agreement
with the fact that no n = even complexes have been
isolated so far. The distribution of the atomic net
charges and the localization of the HOMOs and LUMOs
indicate that the complexes are subject to nucleophilic
attack at C(odd) atoms, except in the case of C(1). They
are subject to electrophilic attack at the C(even) sites,
except when it is the CH; end of the chain. These
findings are in agreement with all the experimental
data available so far on related compounds.4~6:33

The one-electron reduction of the [CI(PH3)4RuUC,H;]"
compounds leads to neutral species presenting linear
CnH> chains, with the exception of the n = 2 complex,
which is bent at C(1). In agreement with available
experimental data,® the CI(PH3)sRuCnH, compounds are
better described as 18-electron Ru'' metals bonded to
reduced (CnH)~ ligands rather than 19-electron Ru'
centers. The [CI(PH3)4sRuC,H;]" complexes are found to
be easier to reduce when n = odd rather than when n
= even.

The two-electron reduction of the [CI(PH3)4RUC,H]*"
compounds leads to anions which are found stable with
respect to ligand dissociation only when n > 2. Their
ground state was found to be a singlet presenting
significant bending at C(1). This bending allows the
extra charge localization on C(1) and tends to preserve
the metal 18-electron configuration. The lowest triplet
state lies close in energy to the singlet state and exhibit
linear C,H: chains.
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