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The equilibrium geometries, the energies, the harmonic vi-
brational frequencies, and the nucleus independent chemical
shifts (NICSs) of the ground state of (η5-P5)MM�(η5-P5) and
(η5-C5H5)MM�(η5-P5) (M, M� = Zn, Cd) are calculated by the
hybrid density functional method B3LYP with LANL2DZ ba-
sis sets. The analysis of energy and harmonic frequencies on
the equilibrium geometries of both series dinuclear deca-
and pentaphosphametallocenes shows that all the minima
with singlet electronic state have an staggered (9 ° �

D(E–M–M–E�) � 36°) conformation except for the eclipsed
CpCd2(P5) (C5v), and all the D5h and the D5d symmetric con-
formations are transition states while the energy differences
between the most stable minimum and the transition states
are very small (� 0.1 kcal/mol), thus, the rotation of the P5

ring about M–M bond in all complexes is almost free. The
analysis of the NBO, the Laplacian of the electron density,
the electrostatic interaction energy, the bonding energy de-
composition, and the molecular orbital correlation diagrams
for the two series complexes reveals that the properties of all
the dinuclear phosphametallocenes investigated are similar
to that of the dizinc metallocenes. The M–M (or M–M�) bond
in the dinuclear phosphametallocenes is a weak σ covalent
bond, and the magnitude of bonding energy of the M–M (or
M–M�) bond correlates with the energy difference between
the energy of HOMO in M(η5-P5) (or MCp) (2A, C5v) frag-

1. Introduction

The successful synthesis of the linear organometallic
molecule, decamethyldizincocene, [Zn2(η5-Cp*)2] (Cp* =
C5Me5) by Resa and co-workers recently,[1,2] has provided
inorganic chemists with their first example of a stable orga-
nometallic compound with a homonuclear metal Zn–Zn
bond, and has been considered as a new frontier of the
dinuclear metallocenes study.[3] One motivation of the pres-
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ment and the energy of HOMO-2 in [MM�(η5-P5)2] (1A, D5,
or D5h) [or (η5-P5)MM�Cp (1A, C5, or C5v)] (M, M� = Zn, Cd).
The strength of the M–M (or M–M�) bond plays a decisive
role on the stability of the dinuclear phosphametallocenes.
However, the M–(η5-P5) (or M–Cp) bonding mainly is ionic.
Among the different dinuclear phosphametallocenes with
the same ligands, the bonding energies of the M–M (or M–
M�) bond and of the M–(η5-P5) (or M–Cp) bond decrease as
M varying from Zn to Cd. Among the different phosphamet-
allocenes with the same metals, the bonding energies of the
M–M (or M–M�) bond and the M–ligand bond increase with
ligand varying from the (η5-P5) to the Cp. The negative
NICSs indicate that all dinuclear phosphametallocenes have
aromaticity. The various dissected bond NICS contributions
reveal that the NICS contributions of the metal–ligand bond,
the metal–metal bond, and the metal lone pair electrons to
the overall aromaticity in the Zn-containing dinuclear phos-
phametallocenes are different from their counterpart contri-
butions in the Cd-containing dinuclear phosphametalloc-
enes, such difference causes that the overall NICSs of the
Zn-containing dinuclear phosphametallocenes are more
negative than that of the Cd-containing dinuclear phos-
phametallocenes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ent study is stimulated by the new synthesis routes[4,5] and
theoretical studies on the structures, the bond interac-
tions,[2] and the vibrational signatures of the Zn–Zn stretch-
ing mode in the novel molecule.[6] The analogous dinuclear
metallocenes, such as CpCu2Cp and CpNi2Cp,[7] [M2(η5-
CpX)2] (M = Zn and Cd, CpX = C5Me5 and C5H5),[8] and
the dinuclear cyclopentadienylcobalt carbonyls[9] were in-
vestigated. The homodinuclear metallocenes, [M2-
(η5-Cp)2] (M = Be, Mg, and Ca),[10] and the heterodinuclear
metallocenes, CpE–MCp (E = B, Al, Ga; M = Li, Na,
K),[11] and Cp–Zn–Cd–Cp[12] were studied as well. These
studies are fascinating and encourage our further explora-
tions of analogous homodinuclear and heterodinuclear
phosphametallocenes.

Since the first synthesis of pentamethylpentaphosphafer-
rocene by Scherer et al.[13] and pentaphosphacyclopentadi-
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enide anion (P5

–) by Baudler and co-workers,[14,15] the
structure of pentaphosphametallocene and the aromaticity
of polyphosphaphospholes and P5

– have attracted much at-
tention from the chemistry community by the fact that me-
tallocene and analogous organometallic compounds have
been found in many applications, e.g. synthetic reagents,
catalysts of polymerization and hydrogenation of olefin,
and building blocks for new materials.[16–32] Experimental
and computational studies suggested that the pentaphos-
pholyl anion, P5

–, is aromatic, as cyclopentadienyl anion,
Cp–.[16–21,33,35] Recent synthesis and X-ray structural analy-
sis of the homoleptic sandwich complex with pentaphos-
pholyl anion ligands, [Ti(η5-P5)2]2–,[34] gave a new impetus
to the versatile chemistry of phosphametallocenes. The
structure, bonding and aromaticity of the decaphosphamet-
allocenes [Ti(η5-P5)2]2– were theoretically reported by Lein
et al.[35] and our group,[33] respectively. [Ti(η5-P5)2]2– is aro-
matic with stronger aromaticity.[33] However, it has not been
investigated, to the best of our knowledge, on the stabilities,
electronic structures and aromaticity of the homodinuclear
phosphametallocenes: [M2(η5-P5)2] and (η5-C5H5)-
M2(η5-P5), (M = Zn, Cd), and the heterodinuclear phos-
phametallocenes: (η5-P5)MM�(η5-P5) and (η5-C5H5)-
MM�(η5-P5) (M, M� = Zn, Cd).

To better understand the bonding nature of the M–M
(or M–M�) and of the M–(η5-P5) in titled molecules, it is
necessary to investigate the geometric and electronic struc-
tures and binding energies of a series of complexes. The
purpose of this paper is to exhibit the features of structures,
the bonding energies and the aromaticity of the homodinu-
clear and the heterodinuclear phosphametallocenes within
density functional theory (DFT). Meanwhile, the qualita-
tive analysis of the molecular orbital correlation diagram
and the Laplacian of the electron density [�2ρ(r)] of the
atom in molecule (AIM)[36–38] are performed to characterize
the bonding features of the interaction and to provide in-
sights into the influences of metals and ligands on the
bonding character and aromaticity in both series of com-
plexes.

2. Computational Methods

The DFT geometry optimizations at B3LYP/gen [P: 6-
311+G(2d), C, H: 6-311+G(d,p), Zn, Cd: LANL2DZ] level
of theory are carried out on several symmetrical conforma-
tions [eclipsed (D5h or C5v), staggered (D5d, D5 and C5)] of
the homodinuclear with homo-ligands, the heterodinuclear
with homo-ligands, the homodinuclear with hetero-ligands
and the heterodinuclear with hetero-ligands sandwich-
like complexes with pentaphospholyl ligands and Cp
ligand: (η5-P5)M2(η5-P5), (η5-P5)MM�(η5-P5), (η5-C5H5)-
M2(η5-P5) and (η5-C5H5)MM�(η5-P5) (M, M� = Zn, Cd),
respectively (as shown in Figure 1). In order to check our
computational reliability and to compare the differences be-
tween [M2(η5-P5)2] and [M2(η5-Cp)2] (M = Zn, Cd), we op-
timized the dinuclear metallocene [M2(η5-Cp)2] (D5h, D5d,
D5) reported by Xie et al.[8] The vibrational frequencies
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were calculated and the DFT wavefunction instabilities
were checked at the same level of theory. The nature of all
the stationary points on the potential energy surface (PES)
are verified with the vibrational frequency calculations in
which Hessian (the second order derivatives of total energy
with respect to nuclear coordinates on PES) are calculated.
If all eigenvalues in Hessian are positive for a stationary
point, this stationary point is a minimum on the PES. One
or more negative eigenvalues of a stationary point indicates
a saddle point on PES. The natural bond orbital (NBO)[39]

analyses are performed to gain insight into the bonding
pattern of these complexes. The bond lengths, the natural
atomic charges, the vibrational frequencies, the Wiberg
bond index (WBI) in Natural Atomic Orbital (NAO), and
the Laplacian of the electron density �2ρ(r) of the constitu-
ent atoms of the complexes under investigation are calcu-
lated. The nucleus-independent chemical shift (NICS), as
an index of aromaticity, at different positions in every struc-
ture are predicted with GIAO-B3LYP//B3LYP/gen [P: 6-
311+G(2d), C, H: 6-311+G(d,p), Zn,Cd: LANL2DZ]. The
NICS(0) is computed at the ring center, the NICS(1) is
computed at 1 Å above the ring center, and the NICS(–1)
is computed at 1 Å beneath the ring center. All of the NICS
dissections of various bonds and cores are computed by
NBO3.1.[39,40] All the calculations were carried out with the
Gaussian03 program package.[39] The molecular orbitals
(MOs) of the complexes are plotted with MOLDEN 4.0.[40]

Figure 1. Molecular structures. 1 (η5-P5)Zn2(η5-P5), 2 (η5-P5)-
Cd2(η5-P5), 3 (η5-P5)ZnCd(η5-P5), 4 CpZn2(η5-P5), 5 CpCd2(η5-
P5), 6 CpCdZn(η5-P5).

3. Results and Discussions

3.1 Geometric Structures

Table 1 and Table 2 list the bond lengths, the WBI in
NAO, the natural atomic charge (NAC) q|e|, the staggered
angle (D(E–M–M–E�)) between the two P5 (or Cp) rings, and
the Laplacian of the electron density �2ρ(r) between the M
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atoms and between the M atom and the ligand ring for the
homodinuclear phosphametallocenes, [M2(η5-P5)2] and (η5-
C5H5)M2(η5-P5) (M = Zn and Cd) and the heterodinuclear
phosphametallocenes, (η5-P5)MM�(η5-P5) and (η5-C5H5)
MM�(η5-P5) (M, M� = Zn, Cd).

All the minima of the dinuclear phosphametallocenes
with singlet electronic state, including the homodinuclear
phosphametallocenes, [M2(η5-P5)2] and (η5-C5H5)M2(η5-
P5) (M = Zn and Cd) and the heterodinuclear phosphamet-
allocenes, (η5-P5)MM�(η5-P5) and (η5-C5H5)MM�(η5-P5)
(M, M� = Zn, Cd), have an staggered (9° � D(E–M–M–E�) �
36°) conformation except for the eclipsed CpCd2(P5) (C5v,
D(E–M–M–E�) = 0°). All the D5h and D5d symmetric confor-

Table 1. Bond lengths, natural atomic charge, WBI in NAO, staggered angle, electrostatic interaction energies (VEp–M2
2+(M)) and the

Laplacian of the electron density �2ρ(r) between M atoms and between M atom and ligand ring for the local minima of (η5-P5)M2(η5-
P5), CpM2(η5-P5) and CpM2Cp (M = Zn and Cd) predicted at B3LYP/Gen [P: 6-311+G(2d), C, H: 6-311+G(d,p), Zn,Cd: LANL2DZ]
level.

[M2(P5)2] CpM2(P5) CpM2Cp

P5
– Zn(P5) Cd(P5) Zn(P5) ZnCp Cd(P5) CdCp Cp ZnCp CdCp

rE–E
[a] 2.119 2.137 2.139 2.135 1.423 2.137 1.424 1.415 1.422 1.423

rEp–M 2.126 2.370 2.157 2.050 2.392 2.162 2.067 2.309
rM–M 2.487 2.764 2.476 2.747 2.466 2.729
qEp –1.00 –0.79 –0.80 –0.80 –0.87 –0.81 –0.85 –1.00 –0.87 –0.86
qM2

2+ 1.58 1.59 1.67 1.70 1.74 1.72
WBIE–E 1.406 1.360 1.361 1.365 1.383 1.368 1.382 1.405 1.385 1.384
WBIM–M 0.765 0.765 0.809 0.801 0.864 0.852
WBIM–E 0.063 0.050 0.058 0.048 0.052 0.052 0.048 0.048
D(E–M–M–E�) [°] 18.0 22.1 27.0 0.0 18.0 0
Group D5h D5 D5 C5 C5v D5h D5 D5h

�2ρ(rEρ–M) 0.054 0.061 0.046 0.139 0.059 0.130 0.114 0.126
�2ρ(rM–M) 0.020 0.061 0.031 0.066 0.021 0.072
VEρ–M

[b] 0.29 0.27 0.26 0.41 0.25 0.37 0.37 0.32

[a] E = P or CH, Ep = η5-P5 or Cp. [b] VEp–M+ is the electrostatic interaction energies between Ep and M, VEp–M2
2+ = k

qM2
2+qEp

rM2
2+–Ep

, or

VEp–M2+ = k
qM2+qEp

rM2+–Ep
, the k unit is –

1

4πε0
. The rM2

2+–Ep (or rM2+–Ep) is distance between the center of Ep ring and M2
2+(or M2+).

Table 2. Bond lengths, natural atomic charge, WBI in NAO, staggered angle, electrostatic interaction energies (VEp–M2
2+(M)) and the

Laplacian of the electron density �2ρ(r) between M atoms and between M atom and ligand ring for the local minima of (η5-P5)ZnCd(η5-
P5), CpCdZn(η5-P5) and CpZnCdCp predicted at B3LYP/Gen level.

(P5)ZnCd(P5) CpCdZn(P5) CpZnCdCp

(P5)Zn Cd(P5) Zn(P5) CdCp CpZn CdCp

rE–E
[a] 2.138 2.138 2.137 1.424 1.423 1.423

rEp–M 2.127 2.377 2.154 2.295 2.027 2.275
rM–M 2.625 2.612 2.597
qEp – 0.79 – 0.80 –0.80 –0.85 –0.87 –0.86
qM2

2+ 0.74 0.85 0.68 0.97 0.85 0.88
WBIE–E 1.360 1.365 1.364 1.382 1.384 1.384
WBIM–M� 0.760 0.793 0.856
WBIM–E 0.059 0.060 0.028 0.050 0.047 0.047
D(E–M–M�–E�) 9.0 36.0 36.0
Group C5 C5v C5

�2ρ(rEp–M) 0.053 0.061 0.053 0.130 0.114 0.127
�2ρ(rM–M) 0.040 0.043 0.045
VEp–M+

[b] 0.28 0.29 0.25 0.36 0.37 0.33

[a] E = P or CH, Ep = η5-P5 or Cp. [b] VEp–M+ is the electrostatic interaction energies between Ep and M+ in MM�2+, VEp–M2+ = k
qM2+qEp

rM+–Ep
, the k unit is –

1

4πε0
. The rM+–Ep is distance between the center of Ep ring and M+(or M2+) in MM�2+(M, M� = Zn, Cd).
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mations are transition states while the energy differences
between the minima and the transition states are very small
( � 0.1 kcal/mol). This is in agreement with the energy dif-
ferences (0.01 kcal/mol) between the minima in D5d sym-
metry and the transition states in D5h symmetry in
CpZnZnCp,[8] CpNiNiCp,[8] and [M2(η5-Cp)2] (M = Be,
Mg, Ca).[10] These results indicate that the rotation of P5

ring about the M–M bond in all complexes is almost free.
It suggests that the [M2(η5-P5)2] (M = Zn, Cd) may be sim-
ilar to CpMMCp (M = Zn, Cd).

As shown in the Table 1, the Zn–Zn bond lengths in our
predictions, 2.487, 2.476, and 2.466 Å in [Zn2(η5-P5)2],
[CpZn2(η5-P5)], and CpZn2Cp, respectively, are close to
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each other, and decrease with the ligand varying from P5 to
Cp. The change of the Cd–Cd bond length in [Cd2-
(η5-P5)2], CpCd2(η5-P5), and CpCd2Cp is analogous to that
of the Zn–Zn bond length in three Zn-containing com-
plexes, while the Cd–Cd bond length is longer than Zn–Zn
in their counterparts. The Zn–(η5-P5) (2.126 Å) distance in
[Zn2(η5-P5)2] is longer than the Zn–Cp (2.067 Å) distance
in CpZn2Cp, and the Cd ligand distance is analogous to the
Zn ligand distance. The M–(η5-P5) distance in [M2(η5-P5)2]
is shorter than the M–Cp distance in [CpM2(η5-P5)] (M =
Zn and Cd). However, the Zn ligand distance is shorter
than the Cd ligand distance. This indicates that the interac-
tion between the M atom and the η5-P5 rings is similar to
that between the M atom and the Cp rings, while the inter-
action in the former is slightly smaller than that in the lat-
ter, and the interaction between the Zn atoms and the li-
gand rings is stronger than that between the Cd atoms and
the ligand rings. The interaction trends between the M atom
and the ligand rings is completely in the same trends as the
electrostatic interaction energies between Ep and M+ as
VEp–M+ listed in Table 1, in which the electrostatic interac-
tion between the M atom and the η5-P5 rings is similar to
that between the M atom and the Cp rings, but the electro-
static interaction in the former is slightly smaller than that
in the latter, and the electrostatic interaction between the
Zn atoms and the ligand rings is stronger than that between
the Cd atom and the ligand rings. The analyses of the WBI
and the �2ρ(r)[36–39,42] between M atoms, and between M
atoms and the ligand rings, indicate that the M–M bond is
predominantly weakly covalent, and the M–(η5-P5) bond-
ing is mainly of ionic, and the bond strengths of the M–M
bond in the two series complexes are very close.

As shown in Table 2, in the heterodinuclear phosphamet-
allocenes, the magnitudes of bond length, the WBI and
the�2ρ(r) between Zn and Cd, and between M and Ligands,
reveal that the Zn–Cd bond is a weak covalent, and the M–
Ligand bond is main ionic, too. The electrostatic interaction
between the M atom and the η5-P5 rings is slightly weaker

Table 3. Dissociation energies for (η5-P5)M2(η5-P5), CpM2(η5-P5) and CpM2Cp (M = Zn, Cd) at 3LYP/Gen level of theory.[a]

[a] All EpM2
+ have C5v symmetry and 2A1 electronic state, all EpM have C5v symmetry and 2A1, electronic state, all Ep and Cp have D5h

symmetry and 1A1g electronic state; M2
2+ have 1Sgg electronic state. [b] The dissection energy of P5M2–Cp as the equation CpM2P5 �

P5M2
+ + Cp–. [c] The dissection energy of CpM2–P5 as the equation CpM2P5 � CpM2

+ +P5
–.
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than the interaction between the M atom and Cp ring,
while the covalent interaction in the former is stronger than
that in the latter.

Comparing the rP–P in the homodinuclear or the heterod-
inuclear phosphametallocenes with that in the η5-P5

–(D5h)
ion, in which all P–P bonds are equal, we can find that the
rP–P in the former is longer than that in the latter. Accord-
ing to the fact that the bond lengths of rP–P lie between
the single P–P (� 2.21 Å) and the double P=P (� 2.02 Å)
bonds,[21,34] and the calculated adjacent P–P WBI in all
molecules from the NBO analyses is in the range of 1.3–
1.4, which is between the standard values of single-bond
(1.0) and double-bond (2.0), we can infer that the building
block P5 in all [M2(η5-P5)2] complexes has conjugated P–P
bonds, and all molecules have aromaticity according to the
P–P bond lengths.

3.2 Dissociation Energies

On the basis of the NBO charge and the sign of the
�2ρ(r) in the complexes, in which the M2 unit (or M) and
the (η5-P5) building block have nearly +2 |e| (or +1 |e|) and
–1 |e| charges, respectively, and the �2ρ(r) � 0, the interac-
tion between M and the (η5-P5) is mainly ionic. In order
to compare their stabilities, eight dissociation pathways are
proposed, and their dissociation energies are calculated for
each pathway as shown in Table 3 and Table 4.

The pathways (1) and (4) involve breaking of the M–M
and the M–M� (M,M� = Zn, Cd) bond. From Table 3 and
Table 4, according to the magnitude of the dissociation en-
ergies of the M–M (M = Zn, Cd) bond, except for that of
the Cd–Cd bond in [Cd2(η5-P5)2], the dissociation energies
of the M–M (or M–M�) (M = Zn, Cd) bond in the com-
plexes and in the CpM2Cp (D5 or D5h) are very close, espe-
cially, that of the Zn–Zn bond. These results indicate that
the stability of three complexes is analogous to CpZn2Cp
which was successfully synthesized by Resa et al.,[1] that
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Table 4. Dissection energies for (η5-P5)ZnCd(η5-P5), CpZnCd(η5-P5) and CpZnCdCp at B3LYP/6-311+G(d,p) level of theory.[a]

[a] All EpZnCd+ have C5v symmetry and 2A electronic state, all EpM (M = Zn and Cd) have C5v symmetry and 2A1, electronic state; all
Ep and Cp have D5h symmetry and 1A1g electronic state; ZnCd2+ has 1Sg electronic state.

they can be synthesized. However, the dissociation energy
of the M–M (M = Zn, Cd) bond in the homodinuclear phos-
phametallocenes or of the M–M� (M, M� = Zn, Cd) bond
in heterodinuclear phosphametallocenes increases with the
number of Cp ligands, i.e. [M2(P5)2] � CpM2(P5) �
CpM2Cp, and (P5)ZnCd(P5) � CpCdZn(P5) � CpZnCdCp,
though their energy differences are very small, only about
1.6–2.5kcal/mol in homodinuclear phosphametallocenes,
and bout 1.6–14.1 kcal/mol in heterodinuclear phosphamet-
allocenes. Comparison the dissociation energy of the dinu-
clear phosphametallocenes with that of the counterpart
metallocenes indicates that the M–M (M = Zn, Cd)
bond and the M–M� (M, M� = Zn, Cd) bond in phos-
phametallocenes are slightly weaker than that in the coun-
terpart metallocenes. Comparison of the dissociation en-
ergy of the Zn–Zn bond in the dizinc phosphametallocenes
with that of the Cd–Cd bond in the dicadmium phos-
phametallocenes reveals that the Zn–Zn bond is stronger
than the Cd–Cd bond. Thus the dizinc phosphametallo-
cenes are more stable than the dicadmium phosphametallo-
cenes. These results are consistent with the WBIM–M

analysis that the M–M (M = Zn, Cd) bond in phospha-
metallocenes is less stable than that in metallocenes which
is a weak covalent bond.

Pathway (2) or (5) in Table 3 and Table 4 involves the
breaking of the metal–ligand bonds in two-step dissection,
while pathway (3) or (6) involves the breaking of the two
metal–ligand bonds in one-step dissection. As shown in
Table 3 and Table 4, the first and the second dissociation
energies of the metal–ligand bonds in pathway (2) [or path-
way (5)] are not equal. The first dissociation energy (E21) is
much smaller than the second one (E22). This indicates that
the first group metal–ligand bonds are easier to break while
the second group metal–ligand bonds are more stable after
the first step dissection. ∆E21, ∆E22, and 1/2 ∆E3 in Table 3
(or ∆E51, ∆E52 and 1/2 ∆E6 in Table 4) giving the first, the
second and the average dissociation energy of the M2

2+

(1Sgg) with P5
– (1A1, D5h) in the dinuclear phosphametallo-
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cenes are very large, thus indicating that the bonding of
M2

2+ with P5
– is very strong in those systems.

Comparing the first, the second and the average dissoci-
ation energy of the metal–P5 bonds in the dinuclear phos-
phametallocenes with those of the metal–Cp bonds in the
dinuclear metallocenes, it can be inferred that the interac-
tion between M2

2+ and P5
– is close to (and slightly weaker

than) that between M2
2+ and Cp–. Furthermore, this inter-

action is consistent with the electrostatic interaction, in
which the VEp–M+ between the M cation and the P5 anion
in the dinuclear phosphametallocenes is close to that be-
tween the M cation and the Cp anion in the dinuclear
metallocenes, though the magnitude in the former is slightly
smaller. However, this is opposite to the conclusion of the
WBI analysis between the metal and the ligand (P5 or Cp),
in which the WBI between the M cation and the P5 anion
in the dinuclear phosphametallocenes is larger than that be-
tween the M cation and the Cp anion in the dinuclear
metallocenes. It further illustrates that the electrostatic in-
teraction between the metal and the ligand (P5 or Cp) in
the dinuclear phosphametallocenes dominates the overall
interactions.

Comparison of the dissociation energy of the Zn–P5

bonds in [Zn2(η5-P5)2] (D5) with that of the Cd–P5 bonds
in [Cd2(η5-P5)2] (D5), and comparison of the dissociation
energy of the Zn–P5 bonds with that of Cd–P5 bonds in
[ZnCd(η5-P5)2] (C5) show that the dissociation energy of the
Zn–P5 bonds is larger than that of the Cd–P5 bonds. The
analysis of electrostatic interactions (the VEp–M+ listed in
Table 3 and Table 4) also supports this observation.

Comparison of the dissociation energy of the M–M (or
M–M�; M, M� = Zn, Cd) bond with that of the M–(η5-P5)
bonds in the dinuclear phosphametallocenes, in which the
magnitude of the former from 45 to 64 kcal/mol is much
smaller than that of the latter from 105 to 316 kcal/mol,
reveals that the strength of the M–M bond is much weaker
than that of the M–(η5-P5) bond. Therefore, the stability of
the dinuclear phosphametallocenes mainly depend on the
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magnitude of the M–M bond strength, i.e. the strength of
the M–M bonding plays a more dominant role to the sta-
bility of the dinuclear phosphametallocenes.

3.3 Electronic Structures

Analyses of the WBI, the �2ρ(r) and the dissociation en-
ergy of the M–M (or M–M�) and the M–(η5-P5) in the di-
nuclear phosphametallocenes reveal that the M–M (or M–
M�) bond is covalent and the interaction between M and
ligands is mainly ionic. In order to gain insight into the
covalent nature of the M–M (or M–M�) bond and to ex-
plore the reason for the stabilities of the dinuclear phos-

Figure 2. Orbital correlation diagram between the fragments M(η5-P5) in (η5-P5)M2(η5-P5) and showing the most relevant orbital plots
of the fragments M(η5-P5) and the correlative molecular orbital plots of (η5-P5)M2(η5-P5) (M = Zn, Cd).
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phametallocenes, a correlation diagram between the M(η5-
P5) fragments is depicted in Figure 2, in which several most
relevant MOs in M(η5-P5) and [M2(η5-P5)2] (M = Zn, Cd)
are plotted.

As shown in Figure 2, the frontier MOs for the M(η5-P5)
fragment are singly occupied HOMO [5a, an antibonding
combination of the π-(η5-P5) orbital in P5

–(D5h) and the ns
orbital in the M atom] and a pair of degenerate MOs. How-
ever, the frontier MOs for the [M2(η5-P5)2] (M = Zn, Cd)
are two degenerate nonbonding doubly occupied HOMO
and HOMO-1 and a doubly occupied HOMO-2 (5a1, a M–
M bonding MO). The bonding MO of the M–M bond with
σ symmetry mostly forms from the weak interaction of the
singly occupied HOMOs of two M(η5-P5) fragments [partly
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Table 5. Correlative occupied orbital energy differences between the HOMO (5a) in EpM Fragments and the HOMO–2 (5a1) in [M2(η5-
P5)2] {or CpM2Cp, [MM�(η5-P5)2], Cp MM�(η5-P5) and CpMM�Cp (M, M� = Zn, Cd)}.

Energy difference [Zn2(P5)2] P5Cd2P5 P5ZnCdP5 CpZn2P5 CpCd2P5 CpCdZnP5 CpZn2Cp CpCd2Cp

∆E5a–5a1
(cal/mol) 55.3 52.4 53.8 59.4 55.0 55.9 59.1 54.9

coming from the interactions of the double occupied 3a, 2a
and 1a of the two M(η5-P5) fragments and resulting in 3a1,

2a1, and 1a1 MOs as shown in Figure 2, but these weak
bonding interactions are counteracted by their antibonding
interactions]. Meanwhile, Figure 2 shows that the stabilities
of the dinuclear phosphametallocenes correlates with the
M–M bond strength, i.e. the magnitude of the MO energy
difference (∆E5a–5a1

) between the singly occupied HOMOs
of M(η5-P5) fragments and the HOMO–2(5a1) representing
the M–M bonding orbital in the dinuclear phosphametal-
locenes correlates with stability of the dinuclear phos-
phametallocenes. The orbital energy differences (∆E5a–5a1

)
of the phosphametallocenes are listed in Table 5. For com-
parison, the results of the similar calculations for the
CpM2Cp (D5 or D5h) (M = Zn, Cd) are listed in Table 3 as
well.

As shown in Figure 2 and Table 5, the magnitudes of the
orbital energy differences (∆E5a–5a1

) for the dinuclear phos-
phametallocenes are very close, and they are slightly smaller
than that of the CpM2Cp (D5 or D5h). The energy differ-
ences among them are small, for example, the ∆E5a–5a1

dif-
ference between [Zn2(η5-P5)2] (D5) and CpZn2Cp (D5) is
about 3.8 kcal/mol, and that between [Cd2(η5-P5)2] (D5) and
CpCd2Cp (D5h) is only about 2.5 kcal/mol. The magnitude
of the orbital energy difference in [Zn2(η5-P5)2] (D5) is big-
ger than that in [Cd2(η5-P5)2] (D5), and such energy differ-
ence in P5ZnCdP5 (C5)lies between those of [Zn2(η5-P5)2]
(D5) and [Cd2(η5-P5)2] (D5). On the basis of the magnitude
of the ∆E5a–5a1

, the order of the stabilities of the dinuclear
phosphametallocenes and the dinuclear CpM2Cp (D5 or
D5h) is that: CpZn2P5 (C5) � CpZn2Cp (D5) � CpCdZnP5

(C5) � [Zn2(P5)2](D5) � CpCd2P5 (C5v) � CpCd2Cp (D5h)
� P5ZnCdP5 (C5) � P5Cd2P5 (D5).

Comparison of the ∆E5a–5a1
(52.4 � ∆E5a–5a1

� 59.4 kcal/
mol) and the change trends with those of the dissociation
energy of the M–M (or M–M�, M, M� = Zn, Cd) bond
(44.6 � ∆E � 55.4 kcal/mol) as calculated from equa-
tions (1) and (5) (listed in Table 3 and Table 4) reveals that
the magnitudes and the change trends of the
∆E5a–5a1

and the dissociation energy of the M–M are very
similar. Therefore, the stability of the dinuclear phospha-
metallocenes correlates with the magnitude of the
∆E5a–5a1

.

Table 6. Total NICSs (in ppm) for (η5-P5)M2(η5-P5), CpM2(η5-P5) and CpM2Cp (M = Zn, Cd) at GIAO–B3LYP/Gen level of theory.

[M2(P5)2] CpM2(P5) CpM2Cp

P5
– (P5)Zn (P5)Cd Zn(P5) CpZn (P5)Cd CpCd Cp CpZn CpCd

NICS(0) –15.4 –15.1 –11.2 –15.4 –14.6 –10.5 –11.1 –12.5 –14.9 –11.5
NICS(1) –14.8 –15.2 –13.7 –15.0 –11.5 –13.2 –11.0 –9.52 –11.4 –11.9
NICS(–1) –14.8 –24.4 –11.4 –23.8 –22.4 –10.2 –8.0 –9.52 –23.1 –10.3

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2808–28182814

The plots of the 3a1 and 3a2 MO electron density distri-
bution in [M2(η5-P5)2], derived from the interaction of the
unoccupied antibonding eu of the M2

2+ with the doubly
occupied 3a, the π bond of (η5-P5)–, shows that there is
small amount of orbital overlap between the M2

2+ and the
(η5-P5)–, thus the covalent interaction between the M2

2+

and the (η5-P5) plays a secondary role in the stability of
[M2(η5-P5)2], while the electrostatic interaction plays the
dominant role. This conclusion is consistent with that the
interaction between the M2

2+ and the (η5-P5) is ionic basing
on the analysis of the Laplacian of the electron density.

In addition, the ring currents of the electrons of 4a1, 4a2,
3a1, 3a2, 2a1, 1a1, and 1a2 in [M2(η5-P5)2] as shown in Fig-
ure 2 indicate that the dinuclear phosphametallocenes have
aromaticity.

4. Aromaticity

The dinuclear phosphametallocenes have equivalent P–P
bonds and the charge of the P5 ring is close to –1 |e| as listed
in Tables 1 and 2, which satisfy the geometric criterion of
aromaticity and the (4n+2)π Hückel’s rule.[43] As shown in
Figure 2, there are σ ring current[44,45] in the 1a2, 1a1, 2a1,
4a1, and 4a2 MOs and π ring current in the 3a1 and 3a2

MOs in P5M2P5 (D5)(M = Zn, Cd). These results indicate
that the P5 rings in the dinuclear phosphametallocenes have
aromaticity, and is worthy of further studying on the degree
of aromaticity of the complexes.

The NICSs of the optimized structures of the dinuclear
phosphametallocenes at the ring center [NICS(0)], at 1 Å
above [NICS(1)] and beneath [NICS(–1)] the ring center are
computed with GIAO–B3LYP/Gen method. All of the
NICSs are listed in Table 6 and Table 7.

NICS has the negative value of the magnetic shielding.
It is a simple and efficient aromaticity probe proposed by
Schleyer et al.,[46–48] and one of the effective measures of
aromaticity recommended by Katritzky et al.[45] This con-
cept has been applied to both organic[46,48] and inorganic
compounds,[17,47] transition metal complexes.[49,50] Aroma-
ticity, antiaromaticity, and multiple fold aromaticity,[51] pre-
sented in molecules that possess more than one independent
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Table 7. Total NICS for (η5-P5)ZnCd(η5-P5), CpCdZn(η5-P5), and CpZnCdCp at GIAO–B3LYP/Gen level of theory.

(P5)ZnCd(P5)2 CpCdZn (P5) CpZnCdCp

(P5)Zn Cd(P5) (P5)Zn CdCp CpZn CpCd

NICS(0) –15.5 –13.2 –15. 9 –10.9 –15.8 –10.4
NICS(1) –15.4 –14.3 –15.4 –11.2 –11.5 –11.9
NICS(–1) –25.6 –14.5 –25.2 –11.1 –24.0 –9.5

delocalized bonding system, either σ-type or π-type, have
also been found in the all–metal systems[52,53] and the sand-
wich–like complexes.[33,38,43,54–57] Recently, we extended
NICS to P5

– and [Ti(P5)2]2–,[33] and dinuclear metallocene
[CpZn2Cp].[58] Negative NICSs denote aromaticity, positive
NICSs denote antiaromaticity, and zero NICS means non-
aromaticity. The magnitude of NICSs indicates the degree
of aromaticitiy or antiaromaticity.[46,47] According to the
dissected NICS analysis on π-aromaticity and antiaromatic-
ity, NICS(1) values (i.e. at 1 Å above) was recommended as
better measures of π aromaticity than NICS(0) for benzene
(i.e. at the ring centers).[59]

As shown in Table 6 and Table 7, NICS(0), NICS(1) and
NICS(–1) in all the dinuclear phosphametallocenes and
CpM2Cp (D5 or D5h) (M = Zn, Cd) being negative indicates
that they are aromatic. However, the differences of NICSs
at the same position in different systems reveal that their
magnitude of local aromaticity is different. First, the magni-
tude of NICS(0) in [M2(η5-P5)2](D5) is less negative than
that in the building block P5

– (D5h) ion, while NICS(1) and
NICS(–1) in [Zn2(η5-P5)2](D5) are more negative than those
of counterpart in the building block P5

– (D5h) ion. These
are consistent with elongation of the calculated P–P bond
lengths. The present calculation predict that the mono-fa-
cially coordinated cyclo-P5 in dinuclear phosphametalloc-
enes undergoes significant ring expansion leading to “loos-
ening of P–P bond ” as observed experimentally and calcu-
lated theoretically by Malar.[19,32] The consequent loss of
local aromaticity in the central cyclo-P5 indicates that a sig-
nificant π-electron density can be further transferred from
the ring towards the M2

2+ unit, such that the positive
charge of the M2

2+ unit becomes small and the negative
charge of cyclo-P5

– decreases as listed in Table 1 and
Table 2. Second, in both the dinuclear phosphametallocenes
and CpM2Cp (D5 or D5h) (M = Zn, Cd), the magnitude of
NICSs in all Zn–(η5-P5) (or Zn–Cp) ring plane is more
negative than that in all Cd(η5-P5) (or Cd–Cp) ring plane,
and the magnitude of NICSs in the former (Zn) is more
negative than that in the P5

– (D5h)[or C5H5
– (D5h)] ion. Fi-

nally, the magnitude of NICSs in [M2(η5-
P5)2](D5) is more negative than those in counterpart
CpM2Cp (D5 or D5h). This may be because that the NICSs
in the building block P5

– (D5h) ion are more negative than
those in the building block C5H5

– (D5h) ion as listed in
Table 6 so that the magnitude of NICSs in [M2(η5-P5)2] (D5)
is more negative than those in counterpart CpM2Cp (D5 or
D5h).

We dissected the total NICS values of P5
– ring in P5

–

(D5h), [Zn2(η5-P5)2] (D5) and [Cd2(η5-P5)2] (D5) into dif-
ferent P–P bond contributions (σ and π), the M–M bond
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contribution, the lone pair electrons contributions of P
atom and M atom, and the M–(η5-P5) bonding contri-
bution are shown in Figures 3, 4 and 5.

Figure 3. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

–(D5h) ring up to 2.0 Å
above at GIAO-B3LYP/+G(2d).

As shown in Figures 3, 4 and 5, although there is a mini-
mum in curves of total NICS distributions of the outer of
cyclo- P5 plane for P5

– (D5h), [Zn2(η5-P5)2] (D5), and
[Cd2(η5-P5)2] (C5), the magnitude of NICS and the position
got the minimum is not complete same, NICS(0.5) =
–15.7 ppm for P5

– (D5h), NICS(0.75) = –15.9 ppm for
[Zn2(η5-P5)2] (D5), NICS(0.75) = –13.9 ppm for [Cd2(η5-P5)2]
(C5). This result reveals that the maximal π-electron ring
current of the cyclo- P5 plane in [M2(η5-P5)2] is shifted from
ring center to outer of plane corresponding to P5

– (D5h). It
confirms that there is indeed the expansion of the π-electron
density in dinuclear phosphametallocenes again. Therefore,
we suggest that the most negative NICS(r) (r may be not
equal to 1 Å) should be one of criterion of π aromaticity,
too.[33,57]

Comparison of the NICS contributions of various bonds
and total NICS distribution in the out-of P5

– (D5h) plane
(as shown in Figure 3) with that in out-of P5 ring plane of
[Zn2(η5-P5)2] (D5) [as shown in Figure 4 (a)] indicates that
both magnitudes and distributions of total NICS are very
similar. Although the NICS contribution of the Zn–Zn
bond in [Zn2(η5-P5)2] (D5) is positive, and that of Zn–(η5-
P5) bonding contribution is negative, and the negative con-
tribution slight preponderates the positive contribution,
both magnitude and distribution of total NICS in two con-
tributions are very close while the other bond contributions
are very close in two contributions. However, the analogous
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Figure 4. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

–ring up to 2.0 Å above in
P5Zn2P5 (D5) at GIAO-B3LYP/Gen (a) out-of-plane (b) in-plane.

comparison of NICS of out-of P5
– (D5h) ion plane (as

shown in Figure 3) with that of out-of P5 ring plane of
[Cd2(η5-P5)2] (D5) [as shown in Figure 5 (a)] reveals that the
sum of the positive NICS contribution of the lone pair (LP)
electron of Cd atom and of the P–P σ bond preponderates
the negative NICS contribution of Cd–(η5-P5) bonding
while the other bonding NICS contributions are very close.
So that the magnitude of total NICS of the out-of P5 ring
plane in [Cd2(η5-P5)2] (D5) is not as negative as that of P5

–

(D5h) ion. As for the NICSs of the other dinuclear phos-
phametallocenes, the magnitude and distribution of total
NICS is analogous to that in [Zn2(η5-P5)2] (D5) and
[Cd2(η5-P5)2] (D5). Therefore, the NICSs of the dizinc phos-
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Figure 5. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

– ring up to 2.0 Å above in
P5Cd2P5 (D5) at GIAO-B3LYP/Gen (a) out-of-plane (b) in-plane.

phametallocenes is slightly more negative than that of P5
–

(D5h) ion except for NICS(0), but the NICSs of the dicad-
mium phosphametallocenes is less negative than that of P5

–

(D5h) ion.
As for the reason that NICS(–1) of the dizinc phos-

phametallocenes is much more negative than that of the
dicadmium phosphametallocenes, as shown in Figure 4 (b)
and Figure 5 (b), the curve of total NICS distribution of
inner side of the P5 ring plane in [M2(η5-P5)2] (D5) [M =
Zn, Cd] drops off with the distance to the M2

2+ unit, but
the curve of total NICS distribution in [Zn2(η5-P5)2] (D5) is
much steeper than that in [Cd2(η5-P5)2] (D5), so that the
distribution curves of NICS contributions of in-P5-ring
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plane for the Zn–Zn bond, the LP of Zn, and the P–P σ
bond in [Zn2(η5-P5)2] (D5) is much steeper than that of the
Cd–Cd bond, the LP of Cd, and the P–P σ bond in [Cd2(η5-
P5)2] (D5). Therefore, the magnitude of total NICS of inner
side of the P5 ring plane in [Zn2(η5-P5)2] (D5) is much more
negative than that in [Cd2(η5-P5)2] (D5) at the same posi-
tion, the NICS(–1) of [Zn2(η5-P5)2] (D5) is much more nega-
tive than that of [Cd2(η5-P5)2] (D5). The NICS(–1) of other
dinuclear phosphametallocenes has similar phenomena.

5. Conclusions
The analysis of energy and the harmonic frequencies on

the equilibrium geometries of both series of dinuclear phos-
phametallocenes, [MM�(η5-P5)2] and (η5-P5)MM�Cp (M,
M� = Zn, Cd), shows that all the minima of the dinuclear
phosphametallocenes with singlet electronic state have an
staggered (9° � D(E–M–M–E�) � 36°) conformation except
for the eclipsed CpCd2(P5) (C5v, D(E–M–M–E�) = 0°), and all
the D5h and the D5d symmetric conformations are transition
states while the energy differences between the most stable
minimum and the transition states are very small
( � 0.1 kcal/mol). The rotation of P5 ring about the M–M
bond in all complexes is almost free.

The analyses of the NBO, the Laplacian of the electron
density, the electrostatic interaction energy, the bonding en-
ergy decomposition, and the MO correlation diagrams for
the two series complexes reveal that the properties of all the
dinuclear phosphametallocenes are similar to that of the
dizinc metallocenes. The M–M (or M–M�) bond in the di-
nuclear phosphametallocenes is a weak σ covalent bond,
and the magnitude of bonding energy of the M–M (or M–
M�) bond correlates with the energy difference between the
energy of HOMO in M(η5-P5) [or MCp] (2A, C5v) fragment
and the energy of HOMO–2 in [MM�(η5-P5)2] (1A, D5, or
D5h) [or (η5-P5)MM�Cp (1A, C5 or C5v)] (M, M� = Zn, Cd).
The M–M (or M–M�) bond strength plays a dominant role
in the stability of the dinuclear phosphametallocenes. On
the other hand, the M–(η5-P5) [or M–Cp] bonding is mainly
ionic. Among the different dinuclear phosphametallocenes
with the same ligands, the bonding energies of the M–M
(or M–M�) bond and the M–(η5-P5) (or M–Cp) bonds de-
crease as M varying from Zn to Cd. However, among the
different dinuclear phosphametallocenes with the same
metal, the bonding energies of the M–M (or M–M�) bond
and the M–ligand bonds increase as ligand varying from
(η5-P5) to Cp.

The negative NICSs indicate that all dinuclear phos-
phametallocenes have aromaticity. The various dissected
bond NICS contributions reveal that the NICS contri-
butions of the metal–ligand bond, the metal–metal bond
and the metal lone pair electrons to the overall aromaticity
in the Zn-containing dinuclear phosphametallocenes are
different from their counterpart contributions in the Cd-
containing dinuclear phosphametallocenes, such difference
causes that the overall NICSs of the Zn-containing dinu-
clear phosphametallocenes are more negative than that of
the Cd-containing dinuclear phosphametallocenes.
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