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DFT calculations are reported on a series of one-dimensional palladium complexes with general formula [Pd,-
(ConHone)2?* (m = 2-4, n=2-8, n = m), in order to model and analyze the bonding in the series of organometallic
sandwich compounds recently reported by the group of T. Murahashi and H. Kurosawa. The bonding interactions
are elucidated, and the frontier orbitals involved are described as a function of the haptotropic conformation of the
metal atoms, either di-hapto or tri-hapto. In both cases, the driving force to the complex organization is a strong
donation interaction from the sz system of the hydrocarbons to an orbital with appropriate phase and composition,
delocalized over the metal chain, and depopulated by the double oxidation process. No net bonding interaction can
be characterized along the metal string, and the metal-metal distances are mainly governed by the hapticities of
adjacent atoms. The energy associated with the formation of a complex is calculated with respect to its fragments,
assumed either isolated or solvated. The results emphasize the stabilizing role of a large delocalization of the
positive charge transferred to the hydrocarbons. This delocalization extends to the hydrocarbon regions not directly
in contact with palladium and highlights the importance of these “inactive” regions in complexes made from diphenyl
polyenes or polycyclic aromatic hydrocarbons. Finally, the bonding pattern deduced from calculations has been
utilized to consider the feasibility of novel sandwich architectures, whose computed energy balance eventually
proves similar to that of already existing compounds.

1. Introduction chemistry: sandwich complexes, which are widely used in
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reported to explain the stabilization of a planardgjPdcluster Scheme 1

sandwiched by two tetracene moleculesp theoretical NN NN

model has been proposed to date for delineating the respec- o pd" fPd >o

tive roles of the metatmetal and of the metalligand P A

. ) . : . AN\ =

interactions in the formation of such complexes and in the TN

observed growth of palladium chains templated by diphenyl N NS

polyenesl.’SvG\_Ne reporta series of investigations carried out < paN /S pd X

at the density functional theory (DFT) level on model 7'\ °

complexes of dicationic chains of 2, 3, and 4 palladium atoms = FN

sandwiched by linear polyenes of variable length. The _

relative stabilities of the sandwich complexes with respect Pd/ \:wﬂ\
----- 5.7A---Pd

to their isolated fragments are discussed as a function of
various factors such as the number of metal atoms, the length
of the polyene ligands, the axial coordination of the metal yyipiicity. All atoms are described with the Slater basis sets

chain, the haptotropic variants of the coordination, and the referred to as TzP in the user’s guide. The basis set for hydrogen

solvent accessibility. The perylengetrapalladium sandwich
complex reported by Murahashi et’akas also investigated
and we eventually discuss the possibility to use polycyclic
aromatic hydrocarbons (PAHS) for stabilizingclic clusters

of palladium atoms.

2. Models for [Pd,)?"-Polyene Complexes and
Computational Details

Calculations have been carried out on dicationic chains of
palladium atoms sandwiched between two linear polyenes with
variable length. Except when specified, the polyenes are in the all-
trans conformation, and the relative conformation of two polyene
ligands is eclipsed (meso isomérYhe general formula of the
model complexes is therefore [R€2nHzn+2)2]?", with n = m. This
is indeed at variance with the real polypalladium chain complexes,
which have been characterized to date witiphenyl-polyene
ligands, the phenyl substituents either taking part in the bonding
with palladium® or just being spectatofs’” The choice of plain

is triple-¢ plus one p-type orbital. For carbon and nitrogen atoms,
the 1s core is frozen and described by a single Slater function,
whereas the valence set is triglexnd supplemented with a d-type
polarization function. The small core (3s3p3d) of palladium was
also modeled by a frozen Slater basis. The valence shell is dguble-
for 4s, triple< for 4p, 4d, and 5s, and supplemented with a single
Slater orbital describing the 5p shell. These basis sets have been
used in conjunction with the zero-order regular approximation
(ZORA)!8 to the relativistic effects. Geometry optimization on all
model compounds involving the [F@" metal and on several
systems with a larger metal framework have also been carried out
in the presence of the conductorlike screening model (COSMO)
which accounts for the solvent effects (waters= 78).

3. Haptotropic Conformations

A metal atom bonded to an unsaturated hydrocarbon, either
conjugated or aromatic, can adapt its coordination environ-
ment to the steric or electronic constraints by slightly shifting

polyene model ligands was made in order to more easily delineateits position with respect to the ligand backbone, modifying

the contribution of single factors suchmandmto the bond energy
and also because of the well-documented difficulty to adequately
account at the DFT level for the-stacking energy between phenyl
rings. The stabilization energy for one polyemt . wherey
represents the hapticity, is calculated with respect to the polyene
and metal fragments separately optimized:

_ E[Pdrn(CZnH2n+2)2]2+ - 2E(CanZn-f—Z) - E[Pqn]2+
? ®

AE! =

The electronic conformation of the oxidized metal chain,fPd
was assumed to be the closed-shelhonded state with the*
orbital highest in energy left unoccupied.

All calculations have been carried out within the framework of
DFT, using the 2004 version of the ADF progrénwith the
gradient-corrected BP86 exchangmrrelation functional? This
GGA functional is of general use and known to provide accurate
equilibrium geometries and energy differences, as far as the
compared electronic configurations belong to the same spin

(16) (a) te Velde, G.; Bickelhaupt, F.; van Gisbergen, S.; Guerra, C.;
Baerends, E. J.; Snijders, J.; Ziegler, TCamput. Chem2001, 22,
931. (b) Guerra, C.; Snijders, J.; te Velde, G.; Baerends, Eador.
Chem. Acc.1998 99, 391. (c) ADF2004.01, SCM, Theoretical
Chemistry; Vrije Universiteit: Amsterdam, The Netherlands, http:/
WWW.SCm.com.

(17) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Perdew, J. P.
Phys. Re. 1986 B33 8882;B34, 7406.
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the number of actually coordinated atoms. In the present
[Pdn(CaonHan12)2]>" complexes, each palladium atom has in
principle the choice between two conformations: (ijlia
hapto conformation, in which the metal is coordinated up
and down to two carbon atoms formally corresponding to a
double bond in the bond alternation pattern (Scheme 1, top),
and (ii) atri-hapto conformation, in which the metal is
globally coordinated to six carbon atoms (Scheme 1, middle
and bottom). These coordination modes give rise to four
“outer” (o) Pd-C bonds, four “inner” (i) bonds, and for the
tri-hapto conformation, to four intermediate (middle, m)
bonds (Scheme 1). The di-hapto coordination does not
modify the bond alternation scheme, so that the position of
a sandwiched metal chain can be easily shifted along the
coordinated hydrocarbons. At variance with the former case,
the tri-hapto coordination interrupts the sequence of short
and long C-C bonds, and the sections of the hydrocarbons
not affected by coordination should be able to reorganize
according to a polyenic bond alternation scheme (Scheme 1).

(18) (a) van Lenthe, E.; Baerends, E.-J.; Snijderd, £hem. Phys1993
99, 4597. (b) van Lenthe, E.; Baerends, E.-J.; Snijders, Chem.
Phys.1996 105 6505.

(19) (a) Klamt, A.; Schirmann, GJ. Chem. Soc., Perkin Tran 1993
799. (b) Klamt, A.J. Chem. Physl995 99, 2224. Model implemented
in the ADF package by Pye, C. C.; Ziegler, Theor. Chem. Acc
1999 101, 396.
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Figure 1. Qualitative orbital interaction diagram for a [R€2:Hzn+2)2]2" /\/ NN P
complex in which all metal atoms adopt a di-hapto coordination mode. Note Pdlpz\/ 2.727A \ \7\/\/\/ 2.688A
that in electron-rich complexes such as those involving palladium, the +é"163:‘, Pd— ’B +7°24::v
orbitals with metal contribution most easily schematized and analyzed are M NN~ ™ /\/\/\Q\/\N\/
unoccupiedThe intermetallic interactions occurring in those MOs provide 2/4u 2/8
an inverse image of the metaietal bonding in the complex. _ . Y
=~ 293A ™ NN 28054
Pd— Pd +0.58 e Pd— Pd
J— 6.70 eV +0.47 e

£ = PN o T45eV
;" Figure 3. Results of DFT calculations carried out on a series of{Pd
;’ (CanHant2)2]?" complexes, labeled asr (x = s, symmetrical; u, unsym-
/ metrical): optimized PgPd distance (A); Mulliken charge of the metal
framework (electrons); stabilization energy with respect to fragments (eV).

e contribution to the LUMO. In the di-hapto conformation,
' this interaction appears formally bonding, but it is clear that
the dz-like metal MOs generate a very weak, maidhype
overlap along the metal chain. The back-donation interaction
generates an unoccupied orbital with metalbonding
character (Figure 1), which means that the contribution of
this interaction with respect to the metal chain is antibonding
and probably sufficient to annihilate most of the-Hed
bonding character (Figure 1). In the tri-hapto conformation,
the metal contribution to the LUMO ig-bonding, which
Figure 2. Orbital interaction diagram for a [R(CsHs)2]2* complex with implies that the major metaimetal interaction is globally
the two metal atoms in a tri-hapto coordination mode. See comment in antibonding(Figure 2). Note, however, that a direct contact
Figure 1. between two Pd atoms in a tri-hapto conformation has been
The orbital interaction schemes typical of the di-hapto and calculated and observed only in dipalladium sandwich
tri-hapto coordination modes in a sandwiched dicationic complexes (Figure 3). In longer metal chains, only the
metal chain are displayed in Figures 1 and 2, respectively. terminal atoms adopt the tri-hapto conformation (Figures 4
In both cases, stabilization is obtained by means of a majorand 5). The hapticityy, associated with a sandwiched Pd
donation interaction, completed with a minor back-donation framework will be referred to as the sequence of the
interaction, but the metal orbitals involved in these interac- coordination numbers of the metal atoms with respect to one
tions are interchanged in the two coordination modes. In the polyene.
di-hapto mode, the donation occurs towardzlide metal As in most transition metal complexes, an important and
orbital combination, which becomes the major component isotropic donation also occurs toward the 5s and 5p shells
of the LUMO. The back-donation stabilizes an orbital of palladium and contributes to stabilize the sandwich
combination with metat metals-bonding character (Figure  coordination. In order to roughly apprehend the role of this
1). The role of these two metal orbitals is reversed in the contribution, we optimized the structure of a hypothetic
tri-hapto mode: thedonation interaction destabilizes the neutral Pcy(C4Hg), complex, withy = (2, 2). The Pe-Pd
metal-metalzz-bonding orbital, which becomes the LUMO, distance increases to 3.00 A, whereas the-®donds are
whereas the back-donation interaction stabilizes théke shortened by 0.08 and 0.10 A with respect to the dication.
metal MO (Figure 2). It is interesting to consider these This contraction of the structure results from the vanishing
interaction diagrams from the point of view of the metal  of the intramolecular electrostatic repulsion. In spite of this
metal bonding. Let us assume first that the contribution of apparent strengthening of the metlijand bond, the bond
the back-donation interaction is negligible. The character of energy, AE, computed between the metal core and each
the interaction delocalized along the metaietal chain can  polyene has receded from 5.05 eV in the dication (Table 1)
therefore be described as the mirror image of the metalto 2.51 eV in the neutral complex. Moreover, the overall
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Figure 4. Results of DFT calculations carried out on a series ok{Pd
(CanH2n12)2]?" complexes; labels and detail of results as in Figure 3.
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Figure 5. Results of DFT calculations carried out on a series of,{Pd
(CanHzn12)2]?" complexes; labels and detail of results as in Figure 3.

charge transfer has been dramatically reversed to the
advantage of back-donation, now originating in boththe
and the g-like metal orbitals, and resulting in Begatve
population of the ligands—<0.39e for each polyene, com-
pared to+0.55e in the dication). This calculation therefore
confirms the critical importance of oxidizing the palladium
framework, as far as the nature and the strength of the metal
polyene interaction are concern€d.

The analysis of frontier orbitals suggests that metaétal
bonding provides a minor contribution, if any, to the
energetic balance of the dicationic complexes. Even though
the Pd-Pd distances, either observed or computed, are in
the bonding range, it appears that they are mainly governed
by the interactions with the ligands. The relatively short range
of the distances between di-hapto Pd atoms (2545 A)
follows the sequence of the “short”<€C bonds in the

(20) We thank a reviewer for suggesting this calculation. Note, however,
that, at variance with the case of the dicationic complex, both the
metat-polyene bond energyAE, and the charge distribution remain
practically unaffected by solvation.
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polyenes, whereas the longer distances obtained between tri-
hapto coordinated metals (2:80.00 A) account for the shift
requested by the extension of the coordination sphere to an
outward carbon. Calculations indeed show that, provided that
the host polyenes are long enough, separate Pd atoms or Pd
dimers scattered along the polyenes could reasonably com-
pete with a single palladium chain (Figures 3 and 5). The
bonding mode in dicationic sandwich complexes therefore
appears strongly at variance with that of platinum or iridium
blues, in which an oxidation process concatenates dinuclear
fragments into an unsupported chain in which metal atoms
are held together by means of a strong bonding interaction
delocalized along the metal framewdik.

4. Results and Analysis of Bonding Energies

4.1. Results.The result of DFT calculations carried out
on [Pdn(ConHaont2)2]?" with m = 2—4 and various values of
n comprised betweem and 9 are displayed in Figures-3.
Environment effects are not taken into account in these
calculations. The hapticity of each Pd atom is indicated and
each equilibrium conformation is characterized by three
parameters: the metaimetal distance(s); the Mulliken
charge of the metal framework, which provides an estimate
for the relative strength of the donation interaction; and the
stabilization energy for one polyenaEg; ., as defined in
eq 1.

4.2. Calculated Trends form = 2 and Charge Delo-
calization along the Ligand & Framework. Figure 3
provides a comprehensive overview of the bonding between
a dicationic Pd dimer and polyenes of variable lengths.
Whatevem > 2, two conformations associated with distinct
energy minima could be characterized, corresponding to the
hapticitiesy = (2, 2) and (3, 3), respectively (Figure 3). The
following inferences can be made.

1. The bond energy increases withfor both types of
hapticity. The same is true for the strength of the donation,
deduced from the residual charge on the ffdgment.

2. The palladium dimer prefers the (3, 3) hapticity for all
values ofn > 2. However, the difference in bond energies
and donation strengths reducesrasicreases. An analysis
of the Pd-C distances associated with the tri-hapto coordi-
nation shows that the metal atoms deeply buried into the
polyenic channel hardly achieve bond formation with a third
carbon atom due to the rigidity of the polyenic framework.
The third Pd-C distance then becomes close to or larger
than 2.5 A unless the carbon atom is terminal (Table 1). The
coordination therefore tends to become di-hapto. Even though
no specific energy minimum was ever found corresponding
to a mixedy = (2, 3) haptotropic conformation, the case of
a [Pa]?>" dimer asymmetricallysandwiched between two
long polyenes could approach such a conformation, as for
[Pdk(CgH10)2]?", computed assuming = (3, 3) (Table 1).

3. The Pd-Pd distance decreasesrasicreases for both
values ofy, and for a given value ofi, the metat-metal
separation is always larger for = (3, 3). The calculated

(21) Villarroya, B. E.; Tejel, C.; Rohmer, M.-M.; Oro, L. A.; Ciriano, M.
A.; Bénard, M.Inorg. Chem.2005 44, 6536.
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Table 1. Stabilization Energy Associated with One Polyerd=( eV), Mulliken Charge of the Metal Frameworg(Pd»), Electrons], MetatMetal and
Metal-Carbon Distances (A) for Some [R&nHzn+2)2]2t Complexes and for [R€C:H14)2]2" with Different Hapticitied

AE (eV) q(Pd) Pd-Pd Pd-C(0) Pd-C (i) Pd—C (i)°
[Pdo(ConHant2)?" (72,2
n=2 5.05 2.28 0.90 1.51 2.80 2.85 2.24 2.18 2.33 2.31
n=3 5.69 2.35 0.74 1.24 2.74 2.80 2.3% 2.25 2.22 2.25
2.2C¢ 2.17 2.35 2.33
n=4 6.10 2.36 0.60 1.03 2.73 2.79 2.26 2.22 2.27 2.28
n==~6 6.79 2.56 0.50 0.85 2.71 2.76 2.27 2.22 2.25 2.28
n=238 7.26 2.69 0.46 0.77 2.69 2.76 2.27 2.23 2.24 2.26
[Pdx(CanHzn+2)2] %" (13,9
n=3 6.46 3.08 0.64 1.07 3.00 2.98 2.28 2.25 2.20 2.18 2.29 2.28
n=4 6.70 3.00 0.59 0.93 2.94 2.95 2.62 2.47 2.23 2.24 2.23 2.25
2.2F 2.25 2.19 2.18 2.30 2.28
n==~6 7.09 2.92 0.50 0.77 2.86 291 271 2.60 2.24 2.22 2.21 2.23
2.49 2.42 2.21 2.19 2.26 2.26
n=28 7.45 2.92 0.47 0.73 2.81 2.92 2.82 2.69 2.25 2.23 2.19 2.21

270 252 224 220 223 226

[Pds(C12H14)2]>* (173.2.9° 693 377 072 111 280 2.84  2.49 239 218 219 229 229
[Pc(Cr2H14)2] > (172,229 7.05 449 095 143 27A 274 220 220 235 2.36

[Pi(CiH14)2 2" (3229  7.60 506  1.00 143  2.80 282 24% 236 220 218 229 232

2.70 273 226 223 217 217 234 234

a|n roman, results for the complex in the gas phase; in italics, results for the solvated modlecaled i refer to the outermost and innermost-+ed
bonds, respectively. In the case of tri-hapto coordination, m refers to the intermedia@ tihd (Scheme 1y.When the metal framework occupies a
nonsymmetric position, the first series of-P@ distances refers to the metal atom most inside the compkexerage value® The Pd-C bond lengths refer
to the tri-hapto (terminal) metal atoms onfyTerminal Pd-Pd bond lengths? Central Pd-Pd bond length.

difference amounts 0.26 A for = 3 but steadily decreases dimers (symmetric form of [PAC1.H14)7]2*, Figure 5), or
up to 0.12 A forn = 8. into four separate atoms with (3,3) hapticipies Pd
The trends concerning the bond energy and the donation(CysH20)2]?", Figure 5) evidence the efficiency of this ligand-
strength can be correlated with a marked tendency for the mediated delocalized interaction.
polyenes to delocalize the positive charge gained from 4.3. Influence of Axial Coordination. In some of the
donation along all carbon atoms not involved in bonding with complexes characterized experimentally, the metal chain is
palladium, except for the terminal carbons. Taking the completed in axial position by NCCHigands. This coor-
example of [Pe(CioH14)2]%" with n = (2, 2), the positive dination is conditioned by steric and electronic factors, which
charge of each polyenes0.75e, distributed among the four —are the accessibility of the metal chain and the hapticity of
CH groups involved in bonding with palladium (average the metal atoms in the terminal position, respectively. Even
charge+0.033e), the terminal CHgroups (0.038e), and  though the formal electronic environment of individual metal
the six remaining CH groups (average chafig@090e). It atoms cannot be defined unambiguously due to the weakness
is clear that the donation interaction is hindered when there of the intermetallic interaction and to the fractional oxidation
is little or no possibility for such delocalization, as in Pd  state form > 2, it is clear that tri-hapto Pd atoms in terminal
(C4He)2)?", for which the positive charge on butadiene is position are close to electronic saturation, whereas terminal
+0.55e only. Note that the efficiency of this charge delo- metals in di-hapto coordination are unsaturated and can

calization is similar on the phenyl substituents {¢#d accommodate an extra ligand.
[(CeHs)2ConHan)2} 2. A Pd; dication sandwiched between two This is confirmed by calculations on [R&€2nH2nt2)2]2"
diphenyl hexatrienes in eclipsed conformatiom=€ 2; n = (n= 2, 3). Adding two NCCH molecules to the butadiene

3,7 = 3, 3) undergoes a global transfer of 1.53e to the metal complex for whichy = (2, 2) results in an effective
atoms, same as in the [#€16H1g)2]>" model system, with  coordination of the acetonitriles with an important elongation
a computed stabilization energy almost as large (7.22 eV, of the Pd-Pd distance to 3.08 A, a PdN distance of 2.06
instead of 7.45 eV). Phenyl substituents are present in mostA, and an extra stabilization of 2.13 eV for each-fdibond.
polyene-based sandwich compounds of this family. Whatever By contrast, NCCH does not bind to palladium in [Rd
their participation in the bonding, actors in the coordination (CgHg),]?" (7 = 3, 3) where the calculated metal-nitrogen
process or just spectators, their role as powerful and compacdistance is 4.40 A. Note that the LUMO of the complex with
charge reservoirs provides a major contribution to the outermost metals in di-hapto conformation, although belong-
molecular stability. ing to the appropriate irreducible representation of @g
One can also notice that the important participatioalbf point group, is not properly conditioned to receivdonation
carbon atomgo the LUMO—which represents the counter- from axial ligands (Figure 1). The nature of the metal
part to the donation interactierensures a delocalized contribution is therefore modified to acquire sonxre-z2
interaction along the metal frameworka the ligandsand character at the expense of the donation from the hydrocar-
facilitates the distribution of the formal positive charge bons (Scheme 2). Somecontributions to the PeN bonds
among the metal atoms, in spite of the weakness of direct,occur from back-donation involving palladiumycand d,
through-space interactions. The energetically favorable dis-MO combinations and the appropriatesli€ x* orbitals.
sociation of a sandwiched (P&" chain into two separate ~ When the axial ligand is a pyridine-like system, this back-
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Scheme 2 Scheme 4
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R ra e S OB

N meso (eclipsed) rac (staggered)
SN AN
No axial ligands With axial ligands mode of the terminal metalg)\Esowatedis computed to be
2.9, 3.8, and 5.1 eV fom = 2, 3, and 4, respectively.
Scheme 3 Without solvation, the corresponding values are 7.1, 6.9, and
V4 7.6 eV (Table 1). The observed growth of metal chains with
= t([)/"///_ l4.sA up to 4 or 5 Pd atoms sandwiched between diphenyl
Pd— Pd +NCCHa 17 AN b pd— NCCH polyene&?® could therefore be induced by solvation or crystal
= W\\ forces.
~ Conversely, the influence of the polyene length, which

strongly contributes to increageE in the free complexes,
donation can be delocalized over the conjugated system anchas roughly vanished with COSMO (Table 1). This should

contributes to enhance a £t double-bond character. be assigned mainly to the severe competition between the
An unexpected result was obtained when attempting to solvent and the hydrocarbons for the positive charge. The
bind two NCCH molecules to [PgCsH10)2]>". In this model formation of strong metatsolvent stabilizing interactions

complex, the most stable form corresponds to a nonsym-indeed requires the permanence of a large positive charge
metric structure in which both metals are in a tri-hapto on the palladium frameworkt the expense of the charge
conformation and one-€C double bond in each polyene is transfer to the hydrocarbon3his explains why this charge
dangling (Pd-Pd=2.935 A,AE = 6.70 eV, Figure 3). Two transfer issignificantly reducedvith COSMO (Table 1). It
acetonitrile molecules added on both sides of this unsym-is also evident that the accessibility of solvent to the metal
metrical complex behave quite differently. Only one NGCH framework is reduced by long hydrocarbon tails. Concerning
binds the dipalladium framework (PdN = 2.18 A), after this point, an optimal stability should result from the
approaching the complex on the side of the danglirgGC possibility to delocalize the transferred charge toward
bonds and opening like a zipper the interval between the conjugated ligand ends that are compact enough to leave the
two polyenes. Concurrently, the hapticity of the bonded metal framework accessible to solvent or to counterions. The
palladium decreases from 3 to 2 (Scheme 3). On the oppositephenyl substituents or PAHs such as peryfecmuld play
side, the other acetonitrile remains nonbonding<{Rd> 4 this role.
R), except for a weak interaction with the terminal hydrogens |t finally appears that solvation contributes to stabilize the
of the positively charged polyenes. The extra stabilization tri-hapto conformation of the Pd atoms at both ends of the
due to acetonitriles amounts 2.52 eV. Interestingly, such ametal chain. Indeed, the geometrical changes induced by
Zipperlike opening of the diphenylpolyene chain was ob- solvation remain limitedexcept for thevery long Pd-C
served at both sides dfPdi[(CeHs).CsHs]2} " upon axial distances obtained in the case of a tri-hapto coordination
coordination of pyridiné. when n>> m. COSMO reduces these distances by 6.07
4.4. Effect of the Environment. The account of environ-  0.18 A, making the polyene chain more flexible (Table 1).
ment effects by means of the COSMO model appreciably These trends summarized in Table 1 are in keeping with the
modifies the results obtained with the free molecules, structure observed fPh[(CsHs).CsHel2} 2", which displays
concerning the stabilization energies, the charge donation,a Pd-Pd distance of 2.9156 A and@&/;? coordination mode
the metat-carbon distances in the tri-hapto conformations, with each outermost PeC bond (2.36-2.38 A) remaining
and more important, the evolution of these quantities with distinctly longer than the other ones (2:12.23 A)’
the length of the polyenes and of the metal chains. Table 1 4.5, Meso/Rac IsomerismThe preparation of théPds-
compares these quantities for fhHzn+2)2]*" for different [(R-CsHa)2CsHs]2} 2+ diphenyltetraene complex yielded two
values ofn and forn = (2, 2) and (3, 3). The same isomers characterized by the relative stacking mode, stag-
comparison is extended to [RG1.H14)2]** (7 =3, 2, 3]) gered or eclipsed of the polyene frameworks. The isomers
and to [Pd(CiH1a)o)*" (7 =[2, 2, 2, 2] and [3, 2, 2, 3)). were termed rac and meso, respectively (SchenteTpy
First, the stabilization energ&E calculated from eq 1is  are obtained in thermal equilibrium, and their ratios are
much reduced with COSMO, as an obvious consequence ofinfluenced by crystallization conditions and, principally, by
the large stabilization by the solvent of the {ffd fragment. the size of the R substituent. With R H, the equilibrium
However, this stabilization of the metal framework is reduced is in favor of the meso form, with a 93:7 ratidCalculations
whenm increases due to the dilution of the positive charge carried out on the model complex [§#61.H14)2]?" assumed
along the metal chain. The length of the polyene ligand, isolated are in keeping with the observed trend, showing the
being constantAE thereforeincreaseswith the numbem meso form to be more stable by 0.9 kcal miolNo
of metal atoms, a trend that was not at all clear in the gas- significant difference was either computed or obsehiad
phase results. Fon = 6 and with a tri-hapto bonding the bond lengths of both isomers.
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Figure 6. Representation of the equilibrium structure optimized for{Pd
(perylene)(NCCHgz)2]2 .

5. PAHs as Ligands

5.1. [Pdi-(NCCHy),(perylene))?". [Pds-(NCCHg)o(Coor
H1,),]2" was reported by Murahashi et al. as the first perylene
sandwich complex having a tetranuclear metaktal chain
(Figure 6)°

The authors notice that the-type frontier orbitals of
perylene are antisymmetric with respect to the molecular
pseudo-mirror plane containing four C atoms. These frontier

competition for the positive charge between the axial ligands
and the hydrocarbons, an explanation already raised to
interpret the decrease of the charge transfers between metal
and polyenes induced by solvation. The presence of a large
positive charge on the terminal Pd atoms indeed facilitates
the formation of a strong PelN bond. The Mulliken charge
of these atoms therefore increases frard.27e in [Pd
(C20H12)2]2Jr to +0.43e in [Pd(C2oH12)2(NCCH3)2]2+ at the
expense of the charge transfer to the hydrocarbdrigs
competition is much less intense in the butadiene complex
due to the lack of possibilities for charge delocalization either
along the metal framework or along the butadiene ligands.
In thesolvatedcomplexes, the acetonitrile molecule competes
with the solvent to attach the metal chain. Quite logically,
the positive charge of the outermost Pd atoms and of the
whole metal framework computed with COSMO remains
large either with or without axial ligands, and the extra
stabilization energy due to the P8l bond becomes weak
(0.48 eV, Table 2).

5.2. Possible Stabilization of a Palladium Macrocycle

MOs are delocalized on the two groups of eight carbon atoms,yjth Bisanthrene and Bridging Diazo Ligands. The ability

lying on each side of this mirror plane and present phase
similarities with the frontier orbitals of two octatetraene

of PAHs to stabilize complex architectures of palladium
atoms in sandwichlike complexes, established first with the

molecules’? This explains why the chain of metal atoms is  perylene compleg,was recently confirmed with the char-
shifted toward one edge of the eclipsed perylene dimer andcierization of a planar, cyclic cluster of five Pd atoms

clearly makes a link with a bis-tetraentetrapalladium chain
complex previously characterized by the same groDp.T
calculations confirm that the [Fd" chain takes advantage
of thecis,cis-octatetraene-like structure of the edge carbons
of perylene to develop an interaction similar to the one
schematized in Figure 1 and corresponding te (2, 2, 2,

2). Note, however, that the coordination of the tetrapalladium

sandwiched between two tetracene molectilEsis probably
means that chemical engineering, guided by a good knowl-
edge of the bonding in these compounds, should be able to
design and synthesize a large manifold of organometallic
architectures belonging to that family. In that spirit, we
started from the model of the [H€20H12)2(NCCH),]2"
complex to list some prerequisites for sandwiching a mac-

chain breaks the symmetry between the two edges of therocycle mainly composed of palladium atoms:

perylene molecules, which results in an important delocal-
ization of the positive charge among the four carbon atoms

(i) Select a specific PAH exhibiting opposite €&dges with
cis,cis-octatetraene structures. Each of these edges should

contained in the pseudo-mirror plane. The computed geo-pe gpe to stabilize a bent (B3 chain. Note that perylene
metrical parameters are in good agreement with the observediqet gisplays such a structure. However, perylene binds only

geometry (see Table S1 in the Supporting Information). The

stabilization energy associated with one perylene molecule

(AE) calculated for the complex without axial ligands is

computed to be 6.19 eV in the gas phase, compared with

6.80 eV in the model complex formed between JPdand
two cis,cis-octatetraene molecules, in spite of a better charge
delocalization in perylene (Table 2).

Solvation reducesAE to 3.75 eV (Table 2). Finally,
coordination of axial acetonitriles involves an energy of 1.12
eV only for each Pe&N bond in the isolated complex, still
reduced to 0.48 eV with the COSMO model (Table 2). The
extra stabilization associated with the-Ad bond energy,
computed as

E[Pd, (hydrocarbon(NCCH,),]|*" —
E[Pd,(hydrocarbon)*" — 2E[NCCH,] (2)
2

Pd-N

appears much weaker in [R€,0H12).(NCCH;s),]?" than in
the model complex [PgbutadieneNCCH),]2* (2.13 eV
in the isolated molecule). This should be assigned to a

one (Pd)?" chain.

(ii) In fact, two (Pd)?" strings very close to each other as
they could be in perylene would develop strong repulsive
electrostatic interactions, especially at both ends of the metal
chains. Moreover, four carbon atoms only would be left in
each PAH ligand to delocalize the positive charge transferred
by two dications. Incidentally, in [R{C2H12)2]?", half of
the tetracene molecules only is involved in bonding with the
metal framework, the rest remaining accessible to charge
delocalization. A PAH larger than perylene is therefore
requested, in order to soften electrostatic repulsion and to
facilitate charge delocalization. Bisanthrengd; 4 fulfills
these requisites (Scheme 5).

(iii) The example of [Pdperylene)(NCCH;),])?t shows
that stability is improved by axial coordination, although
perhaps marginally (Table 2). In the case of a hypothetic
[Pds(bisanthrene]*t, extending the two metal chains with

(22) Other hydrocarbomr orbitals, lower in energy and symmetric with
respect to the mirror plane, also take part in the donation and allow a
better delocalization of the positive charge, including on the carbon
atoms embedded in the mirror plane.
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Table 2. Computational Results Obtained for Some Sandwich Complexes of the TypgRRtH),]™ (PAH = Polycyclic Aromatic Hydrocarbomn

= 2, 4): Stabilization Energy Associated with One Hydrocarbon and Ong%(Pdnit in [Pdbr(PAH)2]™" (AEpg-pan, €V); Extra Stabilization Due to
the Coordination of One Nitrogen EndEpy—n, €V); Mulliken Charge of the Metal Frameworg(Pc), Electrons], Metat-Metal and Metat-Nitrogen
Distances (4

comple)? AEpd-paH AEpg-N q(PdZm) Pd-Pdf Pd-Pd
[Pda(cis,Cis-CgH10)2] 2™ 6.80 4.80 0.91 1.52 2.60 2.60 2.59 2.58
[Pdy(perylene)]2* 6.19 3.75 0.70 1.19 2.56 2.56 2.54 2.53
[Pdi(perylene)(L)2]2" ibid. ibid. 1.12 0.48 1.02 1.21 2.60 2.60 2.58 2.57
[Pds(bisanthrene]** 4.01 3.65 121 2.25 2.57 2.56 2.55 2.55
[Pdg(bisanthrenefL1),]4* ibid. ibid. 0.90 0.34 1.59 2.30 2.63 2.62 2.60 2.59
[Pds(bisanthrenefL2),]4" ibid. ibid. 1.65 0.60 1.39 1.84 2.61 2.60 2.59 2.58

an roman, results for the complex in the gas phase; in italics, results for the solvated molécaeNCCHg; L1 = NoCsHs; L2 = NoCioHg (see
Scheme 3)¢ Outermost distance&.Innermost distance.

Scheme 5

00
CH3CNem, Ci_d_b} WwNCCH3

[Pd4(perylene)o(NCCHs),]?*

W” g

/ \ S \ Figure 7. Representation of the equilibrium structure optimized for the
hypothetic complex [Pgbisanthrene)CizHgN2)2]2".

b and theAE value calculated with COSMO becomes similar

' " to that computed for [Pgperylene)]?>" (3.65 vs 3.75 eV,

[Pdg(bisanthrene)(L)]™ (hypothetic) Table 2). The heterocyclic axial ligands proposed for
achieving the metallocyclic structure indeed contribute to the

N | NN 9 y

| global stabilization (Table 2). The efficiency of the tricyclic
N\) AN ligand L2 (Scheme 5) even appears higher than that of
acetonitrile in [Pd(perylene)(NCCH),]>" due to a good
fitting to the structure of the complex and especially to an
NCCH; ligands would lead to steric repulsion. Bidentate excellent ability to attract the residual charge of the metal
ligands a priori look more appropriate and would close the framework throughr back-donation and delocalize it over
macrocycle by connecting the terminal elements of both the & system of the tricyclic ligand (Figure 7). The global
(Pdy)?* strings (Scheme 5). The choice of aromatic diazo charge on the metal framework therefore decreases from
ligands, either monocyclic (L1) or tricyclic (L2) was sug- +2.25e in solvated [Rgbisanthreng]*" to +1.84e in
gested first by sterical considerations about their ability to solvated [Pe(bisanthrengjL);]** (Table 2). The global
fit in the interval between the metal chains. stabilization for the latter complex, computed with COSMO,
The hypothetic complexes [Risanthrene)** and [Pg- therefore reaches 16.99 eV, compared to 8.46 eV fos-[Pd
(bisanthreneL),]**, with L = L1 or L2, had their geometry  (perylene)(NCCHs),]?*. On the grounds of thermodynamics,
fully optimized by means of DFT and their stability the synthesis of [RgbisanthrengjL).]*" (Figure 7) therefore
computed with respect to fragments, either isolated or seems feasible.
solvated, as for the model complexes discussed above.
Results are reported in Table 2, in whig\t refers to the
stabilization energy for one hydrocarbon (or one nitrogen The linear dicationic clusters of palladium atoms sand-
end when axial coordination is considered) and ong)fPd  wiched between conjugated hydrocarbons, either polyenic
unit, that is, 25% of the stabilization for the whole molecule. or polybenzenic, exhibit a bonding pattern really distinct from
The results are therefore directly comparable to those of thethose characterized for other well-documented families of
[Pdy(perylene))>t and [Pd(perylene)(NCCHg),]>" com- metal-string complexes. The driving force to the assembly
pounds. Results in the gas phase show fBtyn-pan has of these organometallic complexes is a strong donation from
decreased from 6.19 eV for Pdperylene to 4.01 eV for  the & system of the hydrocarbons to the appropriate MO
Pds—bisanthrene due to the electrostatic repulsion betweendelocalized over the metal framework. The nature of this
the (Pd)?" units. However, the charge delocalization over MO, unoccupied in relation with the dicationic character of
the hydrocarbons is extremely efficient, since the formial 4 the complex, depends upon the haptotropic conformations
charge of the metal framework has been reducett1®1. of the metal atoms. These conformations also govern the
As expected, solvation counterbalances the charge repulsioometal-metal distances, large between tri-hapto metals, short

L2

6. Summary and Conclusion
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between di-hapto ones. By contrast, the role of direct metal Scheme 6
metal interactions appears negllglble as far as the energy L L T T T T TT T TR T T IO
balance is concerned. These interactions, either weakly
bonding or weakly antibonding, could contribute to delocalize
the positive charge. However, this delocalization is largely —_—
conveyed via the hydrocarbansystems. Delocalization of
the positive charge transferred to the conjugated hydrocar-
bons extends beyond the region of bonding with palladium,
whenever it is possible, and then contributes to further
stabilize the complex. Solvation, crystal forces, and coordi-
nation of the palladium strings in an axial position hamper
the hydrocarbon-to-metal donation since they all require a
large positive charge along the metal string and, more coordinationd~ 4 A) and (ii) the arrangement of the carbon
specifically, at both ends. Therefore, the net contribution of atoms on opposite sides of the tube is phased so as to
axial coordination to the energy balance of the complex may reproduce the eclipsed or staggered (rac or meso) polyenic
be rather weak, especially when solvation is taken into conformations observed in the sandwich complexes charac-
account. terized by Kurosawa and Murahashi (Scheme 6). DFT
This remarkable affinity between one-, and possibly two- calculations involving such models are presently in progress.
dimensional cationic palladium clusters on the one hand,
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