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The possibility of stabilizing the unstable acepentalene (acp) molecule through coordination to transition metals is
investigated by means of DFT calculations. Comparison with related experimentally known pentalene complexes
indicate that their acp homologues are just slightly less stable, suggesting that they could be synthesized and
isolated. Other original mono- and trinuclear species, such as M(acp), (M = Zr, Hf), Cos(acp),~, and Nbs(acp),*,

are also predicted to be stable.

Introduction

Pentalene (gHs) and acepentalene {gls) are rather
unstable antiaromatic molecules which have attracted much
attention both from the theoretical and synthetic points of
view.! Their aromatic dianions (Scheme 1) have been isolated
as lithium salts, and their X-ray molecular structure are
known? A highly attractive way to stabilize pentalene is to
complex it to transition metals. Indeed, complexes of
pentalené® have been known for a very long time, and their
rich structural chemistry presents a wide variety of coordina-
tion modes in which pentalene can bind to one, two, or three
metal centers with a coordination mode varying frgfrto
7.2 We recently undertook a theoretical investigation of the
structure and stability of pentalene transition metal com-
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Scheme 1. 10-+r-Electron Pentalene Dianion and the AZlectron
Acepentalene Dianion
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plexes, including hypothetical species which are predicted
to be sufficiently stable to be isolatéd.

Surprisingly, unlike pentalene, a very small number of
transition metal complexes of acepentalene have been
reported so fat® and more importantly no crystal structure
has been determined. The existence of ({EF@Jacp) (acp
= acepentalene) was suggested some time®aydew
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Figure 1. DFT-optimized structures ddnti-(CpFeX(n°n°-acp), syn(CpV)(n°n°-acp), andsynMoz(n°n5-acp.
Table 1. DFT Computed Data foanti-[(FeCpy(acp)], anti-[(FeCpk(pent)], syn[(VCp)2(acp)], syn[(Vcp)(pent)], Ma(acpp, and Ma(pentp?
anti—[(Ferpk(acp)] anti-[(FeCpy(pent)] syn[(VC%)z(acp)] syn[(Vcp)z(pent)]  [Moz(acp)] [Mo2 (pent}]
Cs

Cz Con® Ca.f CarP Don®

S=0 S=0 s=1 s=1 S=0 S=0
M-C1 2.201 2.165[2.120] 2.313 2.244[2.221] 2.485 2.423[2.396]
M-C2 2.048 2.062[2.025] 2.236 2.281[2.236] 2.325 2.295[2.281]
M—-C3 2.047 2.051[2.016] 2.316 2.331 2.294 [2.259]
M-C4 2.129
M—C5 2.136
M-C7 2.179 2.310[2.305] 2.326
M—C8 2.327 2.373
M—C(pent-acp) (av) 2.112 2.085 2.274 2.272[2.245] 2.368 2.327
M—C(Cp) (av) 2.086 2.089 [2.068] 2.335 2.340 [2.276]
M—M 4.093 2.536 2.514 [2.538] 2.363 2.370[2.340]
SCCCatGf 360 354 359
HOMO—-LUMO gap (eV) 1.20 1.34 0.76 0.70
bonding energy —25.28d —26.564 —68.48%¢ —69.56

between fragments (eV)

aExperimental x-ray data of pentalene complexes are given in parenthesis. Distances and angles are in A and deg, réspeistivelik. ¢ Ref 4.
d0ne (FeCpy* and one ach or pen?~ fragment.e Two Mo?" and two acp~ or pent~ fragmentsf Sum of the bond angles around the central carbon
atom.

CpHf(acp), and U(acp)were proposed on the basis of NMR (ML 3)2(37°,7°%-pent)326 for which we have provided a ratio-
datal® In this paper, we report a density functional theory nalization of the peculiar stability and absence of the metal
(DFT) investigation on hypothetical complexes of acepen- metal bond' Its acepentalene counterpamiti-(CpFe}(1°,17°-
talene, some of them being isoelectronic to stable X-ray-char-acp), exhibits a similar geometry and electronic sructure. Its
acterized complexes of pentalene. The results are comparedre—C distances are on average slightly longer than those of
with a series of similar calculations carried out recently in its pentalene relative. The HOM@.UMO gap is slightly

our group on transition metal complexes of pentatene. smaller but is still large. The computed bonding energy
between ach and two CpFé units is 5% lower than that
between pedt and two CpFé& units in the pentalene

Hypothetical Acepentalene Analogues of Isolated Pen-  homologue. Clearly, the stabilities of (Cpkgkp) and
talene ComplexesWe start with the acepentalene analogues (CpFe)(pent) are comparable.

Results and Discussion

of the structurally characterizednti-[(CsMes)Fek(175,°- The 28-electron complexys-(CpV)(17°n°>-pent) is anti-
pent)3® syn(CpV)(5°n5-pentf’ (pent = pentalene), and  ferromagnetic and exhibits a-W bond distance of 2.54
Mo[75,175-CgHa(1,4-SiPk);] 2,3 that is, anti-(CpFe)(n°n°- A3 which we have described as a weak bond with a formal

acp),syn(CpV)(n° n°-acp), and Mg(;°;°-acp). The ground-  order of 2.5! The computed electronic structures gfns
state optimized geometries are shown in Figure 1, and (CpV)An°>-pent) andsyn(CpV):(;°>-acp) exhibit similar
selected computed data are given in Table 1, together withcharacteristics. The optimizedA\C distances ogyn(CpV),-
those we previously obtained at the identical computational (17°,7°-acp) are on average very close to those obtained for
level for anti-(CpFeX(n°,1>-pent), syn(CpV)a(1°n°-pent), its pentalene relative, with a slightly longer¥ optimized
and synMox(1°,7°-pentp.t distance. Both complexes are computed to have a triplet
Anti-(CpFe)(;°n5-pent) is the archetype model for a series ground state lying not far below the singlet state (0.31 and
of diamagnetic 34-electron complexes of general formula (6) (a) Manfquez, J. M.. Ward, M. D.: Reiff, W. M.. Calabrese, J. C.:

Jones, N. L.; Carroll, P. J.; Bunel, E. E.; Miller, J. 5.Am. Chem.
(5) Butenschin, H.; De Meijere, A/ Angew. Chem., Int. Ed. Endl984 Soc.1995 117, 6182-6193. (b) Jones, S. C.; Hascall, T.; Barlow, S.;
707—-708. O’Hare, D.J. Am. Chem. So@002 124, 11610-11611.
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Table 2. DFT Computed Data for (C@Fe(;°3-acp), (CO)Fe(;**-pent), CpFef®>-acp)", and CpFef>-pent)2

[(CO)Fe(;**acp)] [(CO)sFe(;*pent)] [CpFeg>*acp)]* [CpFe(;>3-acp)l*
ce ce Ce Ce
S=0 S=0 S=0 S=0
M—C4 2.133 2.165 2.104 2.111
M—C5 2.133 2.104
M—C6 2.353 2.144
M—C7 2.125 2.059 2.001 2.084
M—C8 2.353 2.428 2.144 2.101
M—C(acp/pent) (av) 2.219 2.236 2.099 2.096
M—C(Cp/CO) (av) 2.137 2.130
yCCCatG 356.0
HOMO—-LUMO gap (eV) 1.33 1.51 0.496 0.68

aDistances and angles are in A and deg, respectiVéifis work. ¢ Ref 4.

0.36 eV for the pentalefieand acepentalene derivatives,
respectively). In both complexes, the singlet state corresponds
to a weak -V triple bond made of oné and twosr bonds?
In the triplet ground state, the W ¢6* MO is singly
occupied so that the very weak—\W ¢ bond is half
cancelled. The computed bonding energies between the
dianionic ligands and two CpVunits (3 fragments) are on
the same order of magnitude in both compounds.

Moa(17%,n%-acp) is found to be a singlet ground state with
an electronic structure similar to that found for jment,
that is, with a formal Me-Mo bond order between 2 and
3.4 1t adopts the anti@,,) conformation of the acp ligands. _ o
Again, the metric and energetic data computed for the E'ggres 2. YDFT'OPt'm'ZEd structures  of  (C@He;*-acp) and
acepentalene and pentalene homologues are quite similar, PFeg™-achy”
suggesting similar stabilities. In particular, the bonding our results are compared with those obtained previously for
energy between two M& and two dianionic ligands (4 the pentalene derivativeSelected computed data are given
fragments) was found to be only 2% lower in the acp in Table 2, and the optimized structure is shown in Figure
derivative. The triplet state was found to be less stable than2. Again, the computed data obtained for both pentalene and
the singlet state by 0.4%nd 0.62 eV for the pentalene and acepentalene derivatives are rather similar. Both compounds
acepentalene derivatives, respectively. exhibit similar electronic, energetic, and structural features,

Thus, DFT calculations (bond lengths, bonding energies, with an »%? coordination mode, that is, intermediate be-
and vibrational frequencies) indicate that the thermodynamic tween® (18-electron Mls type) andz,? (16-electron Ml
stabilities ofanti-(CpFe)(1°°-acp), yn-(CpV)a(n°n°-acp), type)# Calculations on the isoelectronic (COp(acp) and
and Ma(n°°-acp) are comparable to those of their pen- CpFe(acp) models yielded similar results (see Supporting
talene homologues. With the major characteristics of the Information). With two less electrons, the CpFe(damjodel
electronic structures also being similar, one may also expectwas also investigated and compared to the CpFe(pent)
comparable chemical stabilities. However, the presence ofmodef (Table 2 and Figure 2), to which a structurally
a free formal double bond on the uncoordinated ring in the characterized derivative exhibiting a substituted pentalene
acp complexes (see Scheme 1) raises the question of theiligand, namely, CpFegf-CsHiFc,)" (Fc = ferrocenyl), cor-
reactivity with respect to a [2+ 2] dimerization. The  responds.Both model compounds are electron deficient,
significant HOMO-LUMO gaps computed for these com- With the electron deficiency delocalized on both the metal
plexes (similar to those of their pentalene counterparts) and the non-coordinated rings of the ligand, suggesting that
suggest moderate (if any) reactivity. This is also supported donor-substituted acepentalene complexes of 12-electron
by the computed distances of the uncoordinatesObond ML, moieties such as CpFeshould be isolable.
(1.398, 1.397, and 1.396 A for the Fe, V, and Mo species, When ML, moieties of electron counts lower than 12 were

respectively), which are indicative of significamtdelocal- considered in the calculations, no stable (Macp) diamag-
ization over the ring. netic structure could be found, unlike in the pentalene series
Other Mononuclear Acepentalene ComplexesAssum- where then® coordination permits the conjugated ligand to

ing, from the above results, that some acepentalene com-donate all itst electrons to the metal, allowing it to reach
plexes should be stable enough to be isolated, we have(or to approach) the 18-electron count, such as in GpV(
investigated the stability and structure of other acepentalenepent) or M¢8-penty (M = Ti, Zr).3%%4 Indeed, thes,®
complexes for which no simple pentalene analogue has beertoordination of pentalene requires it to fold around its central
characterized. We start with the mononuclear (§®jacp) @) Luk R ———  onacke H Seh

_ H H H ukasser, J.; Angleltner, m.; scnotienberger, H.; Kopacka, H.; oSCch-
(an_ acepentalgne) species, the existence .Of which was weiger, M.; Bildstein, B.; Ongania, K.-H.; Wurst, IKQrganometallics
suggested some time ag&or the models described above, 1995 14, 5566-5578.
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HOMO
2 X aig ’," a—:.-g
Figure 3;6 Optimized structure of Zr(%-acp). The computed structure 5 x+a2u aiu s+p
for Hf(n'%acp) is very similar. , + ey
X eg
Table 3. DFT Computed Data for Z%-acp), Zr(;8-pentp, and + a1
Hi(7'%acp)® 2xey ¥ a
Jl2xe
Zr(p*-acpy  Zr(y®-penty  Hf(y78-acp) 9
Dad D2¢ Dad
S=0 S=0 S=0
M—-C1 2.477 2.353 2.477
M—-C2 2.668 2.601 2.668 2 X ayg
M—-C3 2.731 +
M—C4 2.559 Ay k
M—C7 2.405 2.405 are
M~—C(acp) (av) 2.584 2.561 2.584 b0
SCCCat Ge 343 343 Cu
HOMO-LUMO gap (eV)  2.69 2.58 2.69
bonding energy —92.45%d —95.85.d -103.61 (acp?); M(acp), M+
between fragments (eV) D3q D34 D3q
aDistances and angles are in A and deg, respecti¥ais work. ¢ Ref Figure 4. Simplified MO diagram for a #M(5'%acp} complex.

4.90ne Zf* and two acp or pent~ fragments € Sum of the bond angles
around the central carbon atom.

C—C bond, forcing its @rings to make an angle ef130—
150°.%* In the case of the investigated hypothetical (YL
(acp) models, such a distortion was found to not be possible
because of the rigidity imposed by the existence of a third
Cs ring. As a consequence, these species cannot be stable.
On the other hand, the bis-acepentaleb®i¢;*%-acp) (M

= Zr, Hf) complexes were found to be energy minima
(Figure 3 and Table 3). These sandwich species adopt a
staggered conformation of the acp ligan@s4(symmetry),

the eclipsed conformatiorg,) being 0.23 and 0.24 eV less
stable for M = Zr and Hf, respectively. They can be
described as 18-electron complexes. Indeed, thil(dV)
center is bonded to two 12-electron donorZcphich can
each donate only 9 electrons on average to the metal by
symmetry. This situation is sketched in Figure 4. The 9 metal
AO’s match the 2x ag + @y + 2 x g5 + €, symmetries,
whereas the occupied combinations of both aép ligands
match the 2< a;g+ 2 x &+ 2 x g5+ 2 x g, symmetries.

As a result, one g and one gligand combinations remain
nonbonding with respect to the metal, and the 6 electrons
they contain are not part of the metal environment. This
situation is related to that of the M(peatfM = d°
complexes which are apparent 20-electron complexes but,
effectively, are 18-electron complexe$he DFT-computed
MO diagram of Zr(acp)shown in Figure 5 is fully consistent
with the simplified scheme of Figure 4. The three highest- two adjacent & rings is 148 for both the Zr and Hf
occupied MOs have negligible metal character. The LUMO complexes. In thig*° coordination mode, the carbon atoms
of the complex derives from the LUMO of free d&cpand do not similarly interact with the metal, the six outer ones
has no metal participation by symmetry. T§i€ coordination being weakly bonded so that if these interactions are
is attained through some “umbrella-type” distortion away neglected the bonding mode can be somewhat approximated
from planarity of the acp ligands. The dihedral angle between to that of trimethylenemethane complexes. Nevertheless, the

Figure 5. Computed MO diagram of Zr(acp)
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Figure 6. Simplified MO diagrams for diamagnetic 48- and 34-electron
Ma(#5, #57%-acp) complexes.

average Z+C distance in Zng'%acp) (2.547 A) compares
well with the corresponding value obtained for Zr(pent)
(2.561 A)4 as well as the bonding energy betweefiZind
two dianionic ligands, which is only 4% lower in the acp
derivative. The significant value of the computed HOMO

Figure 7. Optimized structures of [Géacpy]~ and [Nk(acp}y] .

Table 4. DFT Computed Data [Gfacpy]~ and [Nky(acpy] 2

[Cos(acp)]™ [Nbs (acpyl*

Dad® Dad

S=0 S=0
M—-C1 2.354 2.581
M—-C2 2.014 2.383
M-C7 2.443 2.567
M—C(acp) (av) 2.159 2.470
M-M 2.605 2.622
>CCCatG 359.1 359.6
HOMO—-LUMO gap (eV) 1.34 1.02
bonding energy —62.60 —103.17d

between fragments (eV)

aDistances and angles are in A and deg, respectiVdlis work. ¢ One
(Cx)3* and two (acp) fragmentsfOne (NB)3* and two (acp)”
fragments.

tions (8, and &) which cannot interact by symmetry with
the ligand orbitals. They are left vacant because of their high
energy. This simple symmetry-based picture is sufficient
to rationalize the closed-shell situation of the 48-electron
[Cos(acp)]t model (Figure 6). One should take into account,
however, that in the real situation important mixing between
4s/4p and 3d orbitals occurs, inducing significant<@o
bonding, as exemplified by the corresponding distance of

LUMO gaps supports the stability of such diamagnetic 605 A (Table 4). Thus, we are in the classical stable closed-
species. Itis noteworthy that these hypothetical compoundsghel| situation of a triangular 48-electron trinuclear species
are isoelectronic with U(acp)hich has been claimed to  exnibiting three metatmetal single bonds. The question

exist and for which a similar sandwich structure has been \ynich then arises is which are the MOs of Figure 6 that are

suggested an the basis of NMR experiméhts.
Hypothetical Trinuclear Bisacepentalene Complexes.

associated with the three €&€o bonds. Group theory tells
us that the three CeCo bonding occupied MOs are ofia

The existence of three equivalent rings on acepentalene raiseand ¢ symmetry, whereas the three antibonding vacant ones
the possibility for trinuclear systems. Our search for stable are of ¢ and & symmetry. The latter are easily identified
bisacepentalene trinuclear sandwich complexes ended umas the 4s/4p'eand & combinations which are metaligand

with two favorable closed-shell electron counts, 48- and 34-

electrons, both oDz, symmetry. These two situations are
sketched in the simplified MO diagram of Figure 6.

The former corresponds to the [§acp)]- model for
which the optimized geometry is shown in Figure 7, and
the major computed data are given in Table 4. In this
compound, the 12 occupied liganetype combinations can
interact by symmetry with only 9 of the 12 metal 4s/4p

nonbonding but strongly metametal antibonding. The'a
and é bonding counterparts are part of the 12 3d-type com-
binations which are not involved in the bonding with the
ligands. Exploration of the DFT results indicates that the
Co—Co bonding character of these levels is the result
of significant mixing of the 4s/4p obitals into the 3d block.
This mixing prevents also the MM out-of-phase com-
binations to exhibit significant antibonding character, at least

vacant combinations, which are the major electron-acceptingin the M = Co case. Finally, one should note that, with a
metal AOs (see Figure 6). Thus, 3 additional metal combina- rather long Ce-C; distance, the;® coordination mode of

tions, of &1 and ¢ symmetry, have to be provided by the

3d block for interaction with the ligands. As a result, the 12
(among the 15) low-lying 3d-type combinations which are
not involved in the bonding with the ligands are occupied.
On the other hand, there are three 4s/4p-Co combina-

the metal centers in this model is significantly distorted
toward 3.

Then® coordination is more symmetrical in the optimized
[Nbs(acp)]~ model which exemplifies the case of 34-electron
closed-shell species. This situation is obtained by depopulat-

Inorganic Chemistry, Vol. 46, No. 8, 2007 3299
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ing the seven MM out-of-phase combinations in the vibrational modes (imaginary frequencies lower thand@¥ ! and
d-block of the M(acp) species (Figure 6), namelky* (e'and associated with rotation of Cp ligands were neglected). Fragment
ay), * (e") ando* (e'). The 4d AOs of Nb are much more interaction analysis was done using the method proposed by
diffuse than the 3d AOs of Co. As a result, in the case of Ziegler:* Molecular and orbital plots were done with MOLEKEL
Nb, the d-type metatmetal out-of-phase combinations are 4.35 and tlk;e other graphic materials were produced with CHEM-
significantly antibonding. Similarly, their in-phase counter- DRAWS.O:

parts,o (&1 and &, & (&'1) and o (1), are significantly Conclusion

Nb—Nb bonding. With five bonding electron pairs, one is  The comparison of the electronic and geometric structures
left with an M—M bond order of 1.67. The computed of hypothetical acepentalene complexes with isoelectronic
HOMO—-LUMO gap and Nb-C bond distances (Figure 6  experimentally characterized complexes of pentalene, sug-
and Table 4) suggest significant stability for such a species. gests that the former series should be only slightly less stable
Itis likely that Ms(acp) open-shell (or perhaps closed-shell) - than the latter. These results and those obtained in the explor-
species with electron counts between 48 and 34 (or evengtion of the original coordination modes support early re-
lower than 34) should also be attainable. portd® in the prediction that the stabilization of acepentalene
is possible through its complexation (formally as agpo
one, two, or three transition metals, in the same way that
DFT® calculations were carried out using the ADF pacKaafe stabilization of pentalene through metal complexation has
the identical level of theory as those of Bendjaballah et tiat been shown to exigt® We predict that, as soon as synthetic
is, with the local VWN parametrizatio¥, the nonlocal BP86  routes or isolation techniques are found, acepentalene com-

Correcti0n§,1’12and the use of the standard TZP atomic basis sets. p|exes will be structura"y characterized in the solid state.
The frozen core approximation was used to treat core eleétrons

at the following level: C, O 1s; Fe, V, Co, Mn 3p; Mo, Zr, Nb 3d; Acknowlgdgment. This work was supported by the
and Hf, 4d. Full geometry optimizations were carried out on each Franco/Chilean grant CNRS/CONICYT 18176 and by the

complex using the analytical gradient method implemented by Chilean grants FONDECYT 11060176 and DI-UNAB 20-
Verluis and Zieglet3 Spin-unrestricted calculations were performed 06/R. Calculations were carried out at the French national

for the open-shell systems. Optimized geometries have beencomputing centers IDRIS (Orsay, France) and CINES
characterized as energy minima by calculations of their normal (Montpellier, France).
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