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Abstract

Theoretical B3LYP/6-311G** calculations were performed in order to understand the electronic structure and the structural
behavior of bis(p-xylene) and bis([2,2]-p-cyclophane) manganese (I) complexes. The minimum energy configuration of bis-
(p-xylene) has D2d symmetry while that of bis([2,2]-p-cyclophane) has D2 symmetry. The energy difference between the D2d and
the D2h structures for both compounds is small. The results of the calculation for the pseudorotational barrier indicate that a
process of interconversion may be possible. A comparison between experimental and theoretical infrared spectra was done for
bis(p-xylene) Mn(I). Theoretical and experimental spectra are in good agreement. For both compounds, the HOMO has a big
contribution from the metal orbital. In bis([2,2]-p-cyclophane) manganese (I) the HOMO and HOMO-1 form a bridge between
the rings, this can explain some of the electric flow. Much of the evidences that we present in this work, indicates that transannular
electronic interaction for bis([2,2]-p-cyclophane) manganese (I) is present. © 2000 Published by Elsevier Science S.A. All rights
reserved.
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1. Introduction

Electrically conductive polymers are of significant
practical value. In order to obtain the desired electrical
or magnetic properties, it is important to realize syn-
thetic theoretical design of the candidate material. An
outstanding characteristic of [2n ] cyclophanes, as re-
vealed from photoelectron and ESR studies, is the inter-
action of the two aromatic decks to give an overall
p-electron system [1–3]. This feature has fomented the
research on [2n ] cyclophanes metal complexes, searching
for polymers made from monomers through transition
metal complexation that show this type of delocalization
[4]. One of the goals has been to examine whether this
delocalization can be extended through transition-metal
complexation [5–8]. If so, a polymer can be envisioned
which should show interesting electrical properties and
possibly conductivity.

The synthesis of a polymer in which the monomer unit
is a transition-metal complex of a cyclophane is feasible.
One of the advantages of transition-metal–cyclophane
complexes is that the individual metal atoms can have
different formal oxidation states. This condition can
provide the electron holes necessary for a conduction
band and the polymer could be a unidimensional electri-
cal conductor [9]. Reports of the formation of oligomeric
products where the monomer unit is arene–transition
metal sandwich complexes have been already published
[10]. Since bis(p-xylene) and bis(2,2-p-cyclophane) sand-
wich complexes with transition metals were demon-
strated to have very similar characteristics [11], we have
studied the structural behavior of these manganese (I)
complexes in the same theoretical fashion.

Metal cyclophane complexes have been studied for
many years [12]. There are several reports of the synthe-
sis and properties of Ru [5,8,9,13–21], Cr [11,22,23], Fe
[24–32] and Co [33–38] cyclophanes. Furthermore, since
the discovery of ferrocene [39], the interest in arene-com-
plexes has increased, as is evidenced by some review arti-
cles [40].
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The reaction of transition metal vapors with arene
substrates is a well-established route to a host of
bis(arene)metal sandwich complexes, some of which are
difficult or impossible to prepare by more conventional
methods [41,42]. However, manganese appears to be an
exception as there are few references to manganese
atom chemistry and low yields are generally found in
reactions which lead to organomanganese products
[43]. The bis(arene)manganese cations have been iso-
lated as their salts, but the neutral form has not been
observed. Stable (s6-C6H6)2Mn+ has not been isolated
and no IR-spectra of this kind of complexes has been
reported. The only experimental spectra results are
from the Mn–p-xylylene system [44]. The coconden-
sated mixture of p-xylylene and Mn vapors (the content
of Mn was about 30%) on a 80 K cooled substrate was
irradiated by UV-light from a mercury lamp to produce
poly-p-xylylene–Mn system without heating. The IR-
spectra of the original and polymerized systems were
measured at 80 K to avoid destruction of the Mn
complexes. Since the chemical structure of units of
poly-p-xylylene are very similar to p-xylene, the results
of the theoretical simulation of the interaction between
Mn and p-xylene can be applied to understand the
experimental observations of the Mn–poly-p-xylylene
system.

The electronic characteristics of manganese have pre-
cluded the preparation of metal arene complexes. Only
manganese ions can allow agreement with the effective
atomic number rule (18 electron rule). Hence, an ade-

quate cation of manganese can follow this rule and be
considered a possibility, further more manganocene and
some of its derivatives are known as non-stable
molecules [45] but the synthesis of diphenyl manganese
has not been reported.

Our earlier experimental results [44] indicate that
manganese can be used in the reaction with p-xylene
and [2n ] cyclophanes. In this paper, we present a theo-
retical study of the manganese (I) complexes of p-
xylene and [2n ] cyclophanes (Fig. 1).

The aim is two-folded, on one hand, to help under-
stand and identify the compound associated with the
experimental results [44]. Based on our results, we can
predict the macromolecular characteristics of bis([2,2]-
p-cyclophane) manganese (I) on the basis of its elec-
tronic behavior. It is important to emphasize that these
are the first arene–Mn complexes of this kind that are
reported and that there is no description of them in the
literature. The present study is important since we
present the main characteristics of these new molecules
from a theoretical point of view. We present optimized
geometries, Infrared spectra, molecular orbitals pic-
tures, Mülliken charge analysis and electronic density
for manganese (I) complexes of p-xylene and [2n ] cy-
clophanes. The behavior of both compounds is ana-
lyzed suggesting a transannular electronic interaction
for bis([2,2]-p-cyclophane) manganese (I).

2. Computational details

Geometry optimizations were done at B3LYP/6-
311G** level, starting with a bent structure and without
any symmetry restrictions. To discriminate between
minima from other critical points on the potential
energy surface, frequency calculations were performed
at the same level of theory. All the calculations were
performed using the Gaussian 94 code [46].

3. Results and discussion

The optimized geometries of bis(p-xylene) manganese
(I) and bis([2,2]-p-cyclophane) manganese (I) are pre-
sented in Fig. 1. Both molecules are cations with a
positive (+1) charge and follow the eighteen electrons
rule. For bis(p-xylene) manganese (I), the molecule
belongs to the D2d point group Tables 2a,b and 3a–c.
The methyl substituents are rotated in such a way that
the rings takeon a staggered conformation. The rings
are very regular, almost flat, the torsion angle is 4.6°,
bond lengths are only 0.005 A, different from one
another and the bond angles are distorted by 2.5 and
1.7° from the sp2 bond. For each ring there are four
carbons at 2.145 A, from the manganese and two at
2.176 A, . This regularity of the rings indicates that there

Fig. 1. Optimized geometries of bis(p-xylene) manganese (I) and
bis([2,2]-p-cyclophane manganese (I). Both molecules are cations with
a positive charge (+1) and follow the 18-electron rule.
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Table 1
Mülliken charge analysis for both compounds

Structure D2dAtom D2h

Charge Charge

−0.188−0.191C1
−0.109C2 −0.113

0.127H2 0.125
−0.227 −0.226C3

0.164H3 0.166
0.127H3 0.127
0.127H3 0.127
0.860Mn 0.876

C1 −0.068−0.068
−0.097H1 −0.097

0.094 0.095C2
−0.172C3 −0.172

0.139 0.139H3
0.139H3 0.139

−0.153 −0.153C4
0.134H4 0.134

H4 0.134 0.134
−0.130C5 −0.135
−0.131 −0.128C6

0.113H6 0.111
Mn 0.921 0.926

Table 3a
Bond lengths and angles for bis([2,2]-p-cyclophane) manganese (I) in
the minimum energy configuration a

Angle (°)Bond length (A, )

1.400 C1�C2�C3C1�C2 120.6
1.393C2�C3 C2�C1�C6 117.0
1.400C1�C6 C1�C6�C5 120.7
1.515C1�C7 C2�C1�C7 120.9

C7�C8 1.615 C1�C7�C8 113.5
1.508C8�C11 C7�C8�C11 110.7

C11�C12 1.412 C8�C11�C12 121.3
C12�C13 120.4C11�C12�C131.417

C12�C11�C16 116.91.408C11�C16
2.287C11�Mn C11�C16�C15 120.4
2.120C12�Mn Mn�C11�C12 65.0
2.131C16�Mn Mn�C12�C13 71.0
2.754C1�C11 Mn�C16�C15 70.1
3.107C2�C12 C11�Mn�C12 37.1
3.094C6�C16 C12�Mn�C13 38.9

C11�Mn�C16 37.0

a This is a reduce set, other distances and angles are obtained by
symmetry.

Table 3b
Bond lengths and angles for bis([2,2]-p-cyclophane) manganese (I) in
the D2d configuration

Bond length (A, ) Angle (°)

C1�C2 C1�C2�C31.400 120.7
C2�C3 1.393 C2�C1�C6 116.9

1.516C1�C7 C2�C1�C7 121.0
1.615C7�C8 C1�C7�C8 113.7
1.508 C7�C8�C11C8�C11 110.8
1.412C11�C12 C8�C11�C12 121.0

120.6C11�C12�C13C12�C13 1.409
2.277C11�Mn C12�C11�C16 117.2
2.137 Mn�C11�C12 66.0C12�Mn

70.7Mn�C12�C13C1�C11 2.762
3.084 C11�Mn�C12 37.1C2�C12

C12�Mn�C13 38.5

Table 2a
Bond lengths and angles for bis(p-xylene) manganese (I) in the D2d

configuration Fig. 10

Angle (°)Bond length (A, )

C1�C2 1.415 C7�C1�C2 121.3
C2�C3 121.3C1�C2�C31.410

117.5C1�C7 C2�C1�C61.505
2.176 Mn�C1�C2C1�Mn 69.7
2.145C2�Mn Mn�C2�C3 70.8

C3�Mn 2.145 C1�Mn�C2 38.2
C2�Mn�C3 38.4

Table 2b
Bond lengths and angles for bis(p-xylene) manganese (I) in the D2h

configuration

Bond length (A, ) Angle (°)

1.410 121.1C1�C2 C7�C1�C2
121.1C1�C2�C3C2�C3 1.414
117.7C2�C1�C6C1�C7 1.504
69.4Mn�C1�C22.189C1�Mn

C2�Mn 2.148 70.8Mn�C2�C3
C3�Mn 2.148 C1�Mn�C2 38.1

38.3C2�Mn�C3

Table 3c
Bond lengths and angles for bis([2,2]-p-cyclophane) manganese (I) in
the D2h configuration

Bond length (A, ) Angle (°)

1.400 C1�C2�C3C1�C2 120.7
1.393 C2�C1�C6C2�C3 116.9

121.0C2�C1�C7C1�C7 1.516
C1�C7�C81.616C7�C8 113.8

1.508C8�C11 C7�C8�C11 110.8
C8�C11�C12 120.9C11�C12 1.412

C12�C13 120.5C11�C12�C131.409
C12�C11�C16 117.42.274C11�Mn

2.137 Mn�C11�C12C12�Mn 66.1
Mn�C12�C13 70.8C1�C11 2.762

3.083 C11�Mn�C12C2�C12 37.2
38.5C12�Mn�C13

is an electronic delocalization. For bis([2,2]-p-cy-
clophane) manganese (I), the optimized geometry of the
molecule belongs to the D2 point group Tables 2a,b and
3a–c, with the cyclophanes making a dihedral angle of
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Fig. 2. Experimental infrared spectrum of Mn–poly-p-xylylene and
theoretical infrared spectrum of bis(p-xylene) manganese (I).

spectra in regions A and B, the main differences are in
region C where the interchain interactions are expected
to be important.

For both compounds, the energy difference between
D2, D2d and D2h structures is small. The changes in
bond lengths and angles when going from one configu-
ration to another are very small. With this results, it is
not possible to assure that one structure is more stable
than the other. The behavior of both structures is quite
similar and for this reason, further discussion of the
results will be made using the D2d structures.

The Mülliken charge analysis is given in Table 1. For
bis(p-xylene) manganese (I) the manganese is positively
charged (0.86), while the six-member rings are nega-
tively charged (−0.31, including the hydrogen atoms).
Fig. 3 shows the charge density contours in three
different orientations for this compound, the bonds in
the ring presents a typical overlap structure, while the
bonds between the Mn and the rings does not show a
high electron concentration. Another notable feature, is
the negative charge on the carbon atom of the methyl
group. This suggests that the ring has some quinoid
character as was suggested earlier [47]. The same behav-
ior is observed in the D2h structure, see Table 1.

Additionally, in Table 1, the Mülliken charge analy-
sis for bis([2,2]-p-cyclophane) manganese (I) is given.
The Mn has a positive charge (0.921) and the inner
rings are negatively charged (−0.332). The outer rings
are almost neutral and the carbon atoms of the ethylene
bridges have a negative charge (−0.172, −0.153). As
can be seen in the same Table 1, the behavior for the
D2h structure is quite similar.

Fig. 4 shows the charge density contours for bis([2,2]-
p-cyclophane) manganese (I) in two different orienta-
tions. In this case, the bonding within the cyclophanes
is the typical covalent bond, and the bond between the
cyclophane and the Mn is a p bond. The shape of the
charge clouds has the same form as the electronic flow
path, from the outer ring to the central metal atom.
This is further evidence of the transanular electronic
interaction between both rings, and this compels the

50.5°. The inner and outer rings are not flat, and the
torsion angles are 16.5 and −14.7°, respectively. Nev-
ertheless, the bond lengths in the rings are very regular
with a maximum angle distortion of 3.1°, this again
indicates an electronic delocalization in the rings. For
the inner rings there are four carbons at about the same
distance to the metal (2.120 and 2.131 A, ) and two more
slightly farther away at 2.287 A, . The theoretical in-
frared spectrum of bis(p-xylene) manganese (I) is com-
pared with the experimental spectrum [44] of
Mn–poly-p-xylylene in Fig. 2. The theoretical results
show that the region A (low frequencies) corresponds
to vibrations of the Mn and the carbons in the rings.
The middle region to vibrations of the hydrogen atoms
in the rings and the region C (high frequencies) to the
methyl groups (C�H vibrations are at high frequencies).
It is to be expected that the difference between the solid
phase (experimental) and the gas phase (theory) should
be in the interchain interactions and, thus, that the
methyl vibrational frequencies would be modified. As
can be seen, there is a good agreement between both

Fig. 3. Charge density contours for three different orientations for bis(p-xylene) manganese (I).
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Fig. 4. Charge density contours for two different orientations for bis([2,2]-p-cyclophane) manganese (I).

electrons to go toward the metal atom due to the big
positive charge in this region.

Fig. 5 shows the variation of the total energy as a
function of the dihedral angle between the methyl sub-
stituents for bis(p-xylene) manganese (I) and between
the cyclophanes for bis([2,2]-p-cyclophane) manganese
(I).

For bis(p-xylene) manganese (I) there is no pseu-
dorotational barrier. The energy difference between the
D2d (0° dihedral angle) and the D2h (90° dihedral angle)
configurations is only 0.85 kcal mol−1. This is due to
the delocalized charge and an interchange of form
between the quinoid and aromatic types of the rings.
The quinoid form has a high negative charge density on
the methyl groups, and this generates repulsion between
the pairs of this groups localized face to face on both
rings, and it is this effect that causes the rotation.
Moreover, this means that the bonding between the
metal and the rings is delocalized. The energetic barrier
for bis([2,2]-p-cyclophane) manganese (I) is 2.04 kcal
mol−1, which can be considered a low value, and that
the process of interconversion may be possible. The
important point is that this can not be considered as a
rotational barrier, but a kind of fluxional isomerism (a
real rotational barrier is considered when the size is
greater than 5 kcal mol−1).

Fluxional isomerism is a phenomenon not commonly
found in 6-organometallic compounds. For bis([2,2]-p-
cyclophane) manganese (I) the effect arises for different
reasons. Due to the transannularity effect (this will be
explained later in more detail) we have extra charge on
the inner rings that bonds to the metal atom, these
same charges are also on the six member ring but the
ring is slightly distorted (boat shape). Furthermore

there are two sets of carbon atoms, the first one, is
made up of the four central carbon atoms that generate
a plane and the second group, by the two atoms that
are slightly shifted (the carbon metal bond length is
2.12 A, for the first set and 2.287 A, for the second set).
The charge is about the same for the six atoms −0.13.
Based on this, it is possible that the ring is bonded to
the metal in an h4 fashion (the first set) but the atoms
in the second set would like to partcipate in the bond-
ing, giving up some charge, and breaking the h4 bond
to form an h6, and this implies a brief rupture that
allows the rearrangement.

In order to understand the transannular effect and
the fluxional isomerism present in compound 2 we have
carried out a molecular orbital analysis. In Fig. 6 the
molecular orbital picture of bis(p-xylene) manganese (I)

Fig. 5. Pseudorotational barrier of bis(p-xylene) manganese (I) (Com-
pound 1) and bis([2,2]-p-cyclophane) manganese (I) (Compound 2).
The total energy is shown as a function of dihedral angle.
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Fig. 6. Molecular orbital picture for bis(p-xylene) manganese (I) (Compound 1) and bis([2,2]-p-cyclophane) manganese (I) (Compound 2). The
degenerate orbitals with an e irreducible representation are drawn together.

and bis([2,2]-p-cyclophane) manganese (I), is shown
and Fig. 7 shows the corresponding molecular orbital
eigenvalues diagram. For both compounds, the
highest occupied molecular orbital (HOMO) is located
mainly on the Mn atom and it forms a bridge between
the two rings. The HOMO belongs to the b2 irre-
ducible representation, and it has a big contribution
from the dxy orbital of the metal. The bond between
metal and ligands is located in these orbitals. Both
orbitals present the same bonding situation and sym-
metry.

The lowest unoccupied molecular orbital (LUMO)
of bis(p-xylene) manganese (I) is mainly localized at
the ring and belongs to the a2 irreducible representa-
tion. It is an antibonding p* orbital. For bis([2,2]-p-
cyclophane) manganese (I) the LUMO is similar.

The HOMO-1 of bis([2,2]-p-cyclophane) manganese
(I) is mainly localized at the outer rings. This orbital
belongs to the e irreducible representation, indicating
that they are two-fold degenerated sets of orbitals. The
HOMO-2 orbital of this compound is a b1 orbital and
is localized mainly at the dx 2–y 2 of the metallic atom
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and on the inner rings. This orbital is similar to the
HOMO-1 of bis(p-xylene) manganese (I).

The molecular orbital picture indicate that the
HOMO-2 orbital of bis(p-xylene) manganese (I) is sim-
ilar to the HOMO-4 orbital of bis([2,2]-p-cyclophane)

manganese (I), and they are the dz 2 of the Mn.
To understand the transannular effect we have to

analyze the LUMO, HOMO and nearby orbitals of the
three configurations. Fig. 8 shows the MO spliting of
the three conformations. For the D2 conformation the

Fig. 7. Molecular orbital eigenvalue diagrams for bis(p-xylene) manganese (I) and bis([2,2]-p-cyclophane) manganese (I) in the D2h configuration.
The units are in hartree.

Fig. 8. Molecular orbital eigenvalue diagram for the three configurations of bis([2,2]-p-cyclophane) manganese (I). The units are in hartree.
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Fig. 9. Contour plots of the HOMO and HOMO-1 of bis([2,2]-p-cyclophane) manganese (I).

from the outer ring to the center of the molecule and to
the inner ring which is bonded to the metal. In other
words, there is a delocalization of the electrons at a
molecular level. This is similar to that shown by Dyson
et al. [48] for free [2,2]para-cyclophane, who showed
from a theoretical point of view, that the transannular
effect is mainly a consequence of the electronic p–p
repulsion between both decks with very little participa-
tion of electronic flow through bonds (via the bridges).

4. Conclusions

In this paper, we presented the optimized geometries
of bis(p-xylene) and bis([2,2]-p-cyclophane) manganese
(I). Both molecules are cations with a positive (+1)
charge and follow the 18 electron rule. The optimized
geometries show that bis(p-xylene) manganese (I) be-
long to the D2d point group while bis([2,2]-p-cy-
clophane) manganese (I) to the D2 with a dihedral angle
between the cyclophanes of 50.5°. For both com-
pounds, the energy difference between D2d and D2h is

LUMO+1 and LUMO+2 (0.26 and 0.33 eV. over the
LUMO and belonging to a and b3 representation,
respectively) arise from contributions of the carbons in
the inner and outer rings, the LUMO (belonging to b1)
arise from the metal dxy atomic function and the car-
bons of the inner rings and the HOMO (b1 representa-
tion) from the carbons on the outer rings. The
LUMO+1 (0.21eV. over the LUMO and au represen-
tation) arises from contributions of the carbons in the
inner and outer rings, the LUMO (belonging to b1g)
arises from the metal dxy atomic function and the
carbons of the inner rings, and the HOMO (ag repre-
sentation) from the metal and carbons on the inner
ring. The D2d LUMO (a2 representation) main contri-
butions, are from the carbons on the inner and outer
rings and the HOMO (b2 representation) from the
metal and carbons on the inner ring. For all three
configurations the HOMO-1 (belonging to b2, b1g and e
representations for the D2, D2h and D2d configurations
respectively) is mainly located on the carbons on the
outer rings. The HOMO and HOMO-1 orbitals are
separated by 0.0016 hartree (0.0435 eV.) in the D2d and
0.00391 hartree (0.106 eV.) in the D2h. In Fig. 9, we
show the contour plot of both orbitals for the D2d

configuration, an overlap between them can be seen.
This means that in the three configurations there is a
channel through which electrons can be transferred
from one side of the molecule to the other and thus the
transannular effect is present. This situation arises be-
cause the manganese ion has the behavior of an elec-
tronic release center that compels the electron motion

Fig. 10. Notation used in Tables 2a, 2b, 3a, 3b and 3c for both
compounds
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small. From these results it is not possible to assure
that one structure is more stable than the other. How-
ever, the behavior of both compounds is similar.

For bis(p-xylene) manganese (I), there is no pseu-
dorotational barrier, and the rings in this compound
have a delocalized charge and an aromatic behavior.
This means that the bonding between the metal and the
rings is delocalized.

The energetic barrier for bis([2,2]-p-cyclophane) man-
ganese (I) is 2.04 kcal mol−1. This can be considered as
a kind of fluxional isomerism. In bis([2,2]-p-cy-
clophane) manganese (I), due to the transannularity
effect, we have extra charge on the inner rings that
allows electronic motion and thus the rotation of the
bonds between these rings and the metal.

There is good agreement between the theoretical
infrared spectrum of bis(p-xylene) manganese (I) and
the experimental spectrum of Mn–poly-p-xylylene.

Analyzing the molecular orbital pictures, we can see
that for bis(p-xylene) manganese (I), the HOMO has a
large contribution from the metal atomic orbitals, with
the same being true for the bis([2,2]-p-cyclophane) man-
ganese (I). In bis([2,2]-p-cyclophane) manganese (I) a
bridge between the rings is formed and this explains the
electric flow.

Much of the evidence indicates that the transannular
electronic interaction for bis([2,2]-p-cyclophane) man-
ganese (I) is possible. There is a strong electronic
charge accumulation on the inner ring. The manganese
ion has the behavior of an electronic release center that
compels electronic motion from the outer ring to the
center of the molecule. For all three configurations
there is a bridge between the rings, in such a way, that
the electronic density can flow from one side of the
molecule to the other.

The electronic density map of bis([2,2]-p-cyclophane)
manganese (I) shows that the biggest electronic contri-
bution is located at the center of the molecule, i.e.
within the environment of the metal, and there is a
continuos flow of density from the outer ring towards
this center.

Acknowledgements

We thank Conacyt (grant 3157PA) and Dirección
General de Asuntos del Personal Académico, UNAM
(grant IN101597) for financial support. We would like
to acknowledge the Dirección General de Computo
Académico at UNAM for providing computer time.

References

[1] E. Heilbronner, Z. Yang, Top. Curr. Chem. (1984) 115.
[2] F. Gerson, Top. Curr. Chem. (1984) 115.

[3] M. Rosenblum, H.M. Nugent, K.S. Jang, M.M. Labes, W.
Cahalane, P. Klemarczyk, W.M. Reiff, Macromolecules 28
(1995) 6330.

[4] L.N. Alexandrova, V.A. Sochilin, G.N. Gerasimov, I.E. Kar-
dash, Polymer 38 (1997) 721.

[5] R.T. Swann, V. Boekelheide, Tetrahedron Lett. 25 (1984) 899.
[6] R.T. Swann, A.W. Hanson, V. Boekelheide, J. Am. Chem. Soc.

106 (1984) 818.
[7] E.D. Laganis, R.G. Finke, V. Boekelheide, Tetrahedron Lett. 21

(1980) 4405.
[8] R.T. Swann, A.W. Hanson, V. Boekelheide, J. Am. Chem. Soc.

108 (1986) 3324.
[9] E.D. Laganis, R.H. Voegeli, R.T. Swann, R.G. Finke, H. Hopf,

V. Boekelheide, Organometallics 1 (1982) 1415.
[10] W.M. Lamanna, J. Am. Chem. Soc. 108 (1986) 2096.
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