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Abstract. Geometries of [X3−M−Y3]
2−: X, M, Y = Be, Mg; [Cp−M−Y3]

−: M, Y = Be, Mg and 
[Cp−M−Cp]; M = Be, Mg; Cp− = C5H5

− are optimized at the B3LYP/6-311+G(d) level of theory and the 
frequencies are also calculated at the same level of theory. Interesting bonding, reactivity and aromaticity 
trends emerge as one keeps on changing Cp− units of beryllocene by the triangular aromatic dianions, X3

2− 
(X = Be, Mg) as well as by replacing the central Be by Mg. Similar substitution of Cp− by Al4

2− and the 
additional change in the number of electrons yield all – metal complexes devoid of the original square 
planar Al4

2− rings and with newly formed roughly rectangular aromatic rings. Atomic charges and Fukui 
functions lend additional insights into the local reactivity patterns of individual atomic centers. 
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INTRODUCTION 

The synthesis and characterization of the structure of 
ferrocene1,2 opened a new chapter in the field of orga-
nometallic chemistry. In general two cyclopentadienyl 
anion, C5H5

− (Cp−) rings or its pentamethyl derivatives 
(Cp*−) form a sandwich like structure in these metallo-
cenes where the metal ion stays in the middle. Aroma-
ticity of the conjugated Cp− system with 6π-electrons, 
above and below the metal ion provides stability to-
wards this bis-metallocene [Cp−M−Cp] complexes. In 
addition, for example in ferrocene, Fe2+ stays in the 2+ 
oxidation state and its 6 d-electrons together with 12 π-
electrons from two Cp− rings provide extra stability 
owing to the noble gas configuration with 18 electrons. 
Among the alkaline- earth sandwiches beryllocene is the 
smallest member. Unlike ferrocene, beryllocene is a 
slipped sandwich compound3−5 where two Cp− rings are 
neither parallel (eclipsed) nor antiparallel (staggered) to 
each other. 

Synthesis of a variety of sandwich complexes by 
substituting Cp− rings by other organic aromatic mole-
cules6 like benzene or cyclooctatetraene as well as by 
inorganic molecules7 are reported. Ever since the dis-
covery of all-metal aromatic systems8 like Al4

2− and all-
metal antiaromatic systems9 like Al4

4− there has been a 
renewed interest in the study of metal clusters. Many of 
these systems exhibit both σ- and π- aromaticities and 
they possess a wide variety of structures including hexa-

gonal, pentagonal, tetragonal and triangular units, for 
example in10−29 M3

−: M = Al, Ga; X3
−: X = Sc, Y, La; 

X3
+: X = H, Li, Na, K, Cu; M4

2−: M = Ge, In, Tl, Sb, Bi; 
M4

2+: M = Sc, Te; Hg4
6−; M5

−: M = Sb, Bi; M5
6−: M = 

Ge, Sn, Pb; Au5Zn+; Al6
2−; MX3: M = Li, Na, K, X = Sc, 

Y, La; XCl3: X = H, Li, Na, K, Cu; etc. However, there 
exist metal clusters which are essentially π-aroma-     
tic, 30−33 e.g. Be3

−, Mg3
−, NaMg3

−, Na2Mg3, M3
2−: M = 

Zn, Cd, Hg, Be, Mg. In the present work we study the 
effect of substitution of Cp− rings in beryllocene by 
some of the all metal aromatic rings. All of the reported 
structures may not correspond to global minima on the 
potential energy surface. 

Stability, reactivity and aromaticity of a diverse 
class of chemical systems have been studied within a 
conceptual density functional framework.34,35 Various 
global reactivity descriptors like electronegativity36,37 (χ) 
and hardness38−40 (η) and local reactivity descriptors like 
atomic charges41 (Qk) and the Fukui function42 (fk) have 
been used for this purpose. Associated electronic struc-
ture principles like the maximum hardness principle43−45 
(MHP) which states that, “There seems to be a rule of 
nature that molecules arrange themselves so as to be as 
hard as possible” provide additional insights. Due to an 
inverse relationship between the hardness and polariza-
bility ( α ), a minimum polarizability principle46,47 
(MPP) has been proposed with the statement, “The 
natural direction of evolution of any system is towards a 
state of minimum polarizability.” Here we analyze these 



194 S. Duley et al., Bonding, Reactivity and Aromaticity in Some Beryllocenes 

Croat. Chem. Acta 82 (2009) 193. 

global and local reactivity descriptors apart from the 
standard aromaticity measure, the nucleus independent 
chemical shift48 (NICS) in order to understand the bond-
ing, reactivity and aromaticity patterns in some selected 
substituted beryllocene complexes. Section 2 provides 
the theoretical background of the present work whereas 
section 3 presents the numerical details. Results and 
discussion are presented in section 4 and finally section 
5 contains some concluding remarks. 

 

THEORETICAL BACKGROUND 

For an N-electron system with total energy E, the elec-
tronegativity (χ)36,37 and hardness (η)38−40 are respective-
ly defined as the following first-order and second order 
energy derivatives: 
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A finite difference approximation to the above de-
rivatives provides 
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where the ionization potential (I) and the electron affini-
ty (A) are expressed in terms of the energy of an N-
electron system, E(N), as 
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   and 1A E N E N   (6) 

One of the most important local reactivity descrip-
tors is the Fukui function,42 ( )f r


 given by 
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which means that it is a measure of the change in the 
electron density at a given point when electrons are 

added to or removed from the system at constant ( )v r


 
or equivalently it yields the change in the chemical 
potential when the external potential changes and the 
number of electrons remains conserved. 

Condensation on individual atomic sites gives rise 
to:49 

for nucleophilic attack 

   k k k1f q N q N     (8a) 

for electrophilic attack
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for radical attack
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In Eqs. (8) kq  refers to the electronic population of 
atom k in a molecule. 

The second order variation in energy as a response 
to an weak electric field ξ  is described by electric di-
pole polarizability ( α ) as 
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and the mean value of this quantity provides the isotrop-
ic dipole polarizability which is often measured experi-
mentally, i.e., 

 1

3
  xx yy zzα α α α  (10) 

The absolute magnetic shielding is represented as 
the nucleus independent chemical shift (NICS)48 which 
is designated as NICS(0) and NICS(1) when measured 
at the center of the ring in a molecule and 1 Å above the 
ring respectively. 

 

NUMERICAL DETAILS 

Molecular geometries of Be3
2−, Mg3

2−, [X3−M− Y3]
2−: 

X, M, Y = Be, Mg; [Cp−M−Y3]
− : M, Y = Be, Mg and 

[Cp−M−Cp]; M = Be, Mg are optimized at the 
B3LYP/6-311+G(d) level of theory by using the Gaus-
sian 03W suite of program. 50 The frequency calculation 
is performed at the same level of theory. The number of 
imaginary frequency is zero in all cases which confirms 
that the structures correspond to minima on the potential 
energy surface. The Gaussian 03 software50 is used to 
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generate the molecular orbital pictures. First we substi-
tute the Cp− units of beryllocene by Be3

2− and Mg3
2− 

units both of which possess exclusively π-aromaticity. 
We also study the effect of substitution of the central 
Be2+ by Mg2+. Finally we substitute the Cp− units of 
beryllocene by Al4

2− which exhibit both σ- and π-
aromaticities.51,52 The stability of saturated cyclic hy-
drocarbons with (4n + 2) σ-electrons and no π-electron, 
e.g. cyclopropane, was explained in terms of σ-
aromaticity which is also observed in the cases of sys-
tems like H3

+ and Li3
+. Often these systems exhibit large 

negative NICS values at the centre of the ring.51 The last 
set of molecules is studied at the B3LYP/6-31G(d) lev-
el. After obtaining I and A using a SCF  technique, the 
hardness is calculated using Eq. (4). Polarizability is 
calculated as the linear response of the electron density 

in the presence of a weak electric field and precisely as 
the related second-order variation in energy whereas 
NICS(0) and NICS(1) values are obtained by placing a 
dummy atom at the location where NICS value is calcu-
lated as the negative of the magnetic shielding. Mulli-
ken population analysis (MPA) and natural population 
analysis (NPA) schemes are used in the calculation of 
atomic charges and Fukui functions. 

 

RESULTS AND DISCUSSION 

Optimized geometries of the selected beryllocenes and 
their derivatives are presented in Figure 1 and some 
important geometrical parameters (bond lengths and 

 

 
[Be3−Be−Be3]

2− 
E = −102.991, (D3h) 

 
[Be3−Be−Mg3]

2− 
E = −659.162, (C3v) 

 
[Be3−Mg−Be3]

2− 
E = −288.357, (D3h) 

 
[Be3−Mg−Mg3]

2− 
E = −844.527, (C3v) 

 
[Mg3−Be−Mg3]

2− 
E = −1215.303, (D3d) 

 
[Mg3−Mg−Mg3]

2− 
E = −1400.691, (D3d) 

 
[Cp−Be−Cp] 

E = −401.914, (C1) 

 
[Cp−Mg−Cp] 

E = −587.279, (D5h) 

 
[Cp−Be−Be3]

− 
E = −252.498, (Cs) 

 

 
 

[Cp−Mg−Mg3]
− 

E = −994.034, (C1) 

Figure 1. Optimized geometries (B3LYP/6-311+G(d)) of the [Be3−M−Be3]
2−, [Mg3−M−Mg3]

2−, [Be3−M−Mg3]
2− and 

[Cp−M−Cp] metallocenes (M = Be, Mg; E expressed in hartrees). 
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bond angles) are provided in Table SI (supporting in-
formation, Supplement). Starting with the beryllocene 
we substitute the Cp− rings by Be3

2− and Mg3
2− and also 

the central Be2+ by Mg2+. Beryllocene possesses an (η5
 / 

η5)-type slipped sandwich structure. Similar slipped 
structure persists when one Cp− is changed by a Be3

2− 
unit. However, substitution of both Cp− units by Be3

2− 

units provides a more symmetric (D3h) sandwich struc-
ture. Symmetry gets slightly reduced by inserting one 
Mg3

2− unit in the place of a Be3
2− unit and it improves 

when both the Be3
2− units are replaced by Mg3

2− units. 
On the other hand the substitution of the central Be2+ by 
Mg2+ yields magnesocene with standard (η5

 / η
1)-geome-

try (D5h). Further substitution of one or both Cp− by 

Table 1. Point group, hardness (η / eV) and polarizability (α / eV) values of [Be3−M−Be3]
2−, [Mg3−M−Mg3]

2−, [Be3−M−Mg3]
2− 

and [Cp−M−Cp] metallocenes (M = Be, Mg) 

Metallocenes Point Group 
Hardness 
η / eV 

Polarizability 
α / eV 

              [Cp−Be−Cp] C1 3.899 116.698 

              [Cp−Be−Be3]
− Cs 2.510 238.165 

              [Be3−Be−Be3]
2− D3h 1.506 711.320 

              [Be3−Be−Mg3]
2− C3v 1.232 974.745 

              [Mg3−Be−Mg3]
2− D3d 1.018 1654.977 

              [Cp−Mg−Cp] D5h 4.061 120.257 

              [Cp−Mg−Mg3]
− C1 2.050 417.187 

              [Be3−Mg−Be3]
2− D3h 1.211 796.737 

              [Be3−Mg−Mg3]
2− C3v 1.121 1444.429 

              [Mg3−Mg−Mg3]
2− D3d 0.975 2358.555 

               Be3
2− D3h 0.914 350.009 

               Mg3
2− D3h 0.806 1128.921 

Table 2. NICS(0) and NICS(1) values in different rings of [Be3−M−Be3]
2−, [Mg3−M−Mg3]

2−, [Be3−M−Mg3]
2− and [Cp−M−Cp] 

metallocenes (M = Be, Mg) 

            Metallocenes        PG(a) NICS(0) / ppm NICS(1) / ppm 
             [Be3−Be−Be3]

2−      D3h 
 

         −40.49  (Be3
2− unit, Upper) 

         −40.49  (Be3
2− unit, Lower) 

          −29.96  (Be3
2− unit, Upper) 

          −14.79  (Be3
2− unit, Lower) 

             [Be3−Be−Mg3]
2−     C3v 

 
         −36.28  (Be3

2− unit, Upper) 
         −16.86  (Mg3

2− unit, Lower) 
          −18.67  (Be3

2− unit, Upper) 
          −16.41  (Mg3

2− unit, Lower) 
             [Mg3−Be−Mg3]

2−    D3d 
 

         −18.58  (Mg3
2− unit, Upper) 

         −18.58  (Mg3
2− unit, Lower) 

          −15.49  (Mg3
2− unit, Upper) 

            −8.69  (Mg3
2− unit, Lower) 

             [Cp−Be−Cp]           C1 
 

         −17.47  (Cp− unit, Upper) 
           −8.83  (Cp− unit, Lower) 

          −27.34  (Cp− unit, Upper) 
            −8.88  (Cp− unit, Lower) 

             [Cp−Be−Be3]
−         Cs 

 
           −9.66  (Cp− unit, Upper) 
         −39.43  (Be3

2− unit, Lower) 
            −8.86  (Cp− unit, Upper) 
          −22.43  (Be3

2− unit, Lower) 
             [Be3−Mg−Be3]

2−      D3h 
 

         −42.50  (Be3
2− unit, Upper) 

         −42.50  (Be3
2− unit, Lower) 

          −21.96  (Be3
2− unit, Upper) 

          −31.53  (Be3
2− unit, Lower) 

             [Be3−Mg−Mg3]
2−     C3v 

 
         −40.59  (Be3

2− unit, Upper) 
         −21.72  (Mg3

2− unit, Lower) 
          −32.46  (Be3

2− unit, Upper) 
          −16.94  (Mg3

2− unit, Lower) 
             [Mg3−Mg−Mg3]

2−    D3d 
 

         −22.84  (Mg3
2− unit, Upper) 

         −22.84  (Mg3
2− unit, Lower) 

          −16.46  (Mg3
2− unit, Upper) 

          −18.51  (Mg3
2− unit, Lower) 

             [Cp−Mg−Cp]           D5h 
 

         −10.43  (Cp− unit, Upper) 
         −10.43  (Cp− unit, Lower) 

            −9.44  (Cp− unit, Upper) 
          −11.56  (Cp− unit, Lower) 

             [Cp−Mg−Mg3]
−       C1 

 
         −15.92  (Cp− unit, Upper) 
         −25.36  (Mg3

2− unit, Lower) 
          −11.06  (Cp− unit, Upper) 
          −18.36  (Mg3

2− unit, Lower) 
(a) PG = Point group. 
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Be3
2− or Mg3

2− provides in general a less symmetric 
complex (D5h goes to C1, C3v, D3d or D3h). 

Table 1 presents the hardness and polarizability 
values of the beryllocene derivatives. Inverse relation-
ship between hardness and polarizability is observed for 
(Be3

2− , Mg3
2−) pair as well as in [Cp−Be−Cp] and its 

derivatives produced by substituting one or both Cp− by 
Be3

2− / Mg3
2− and separately in [Cp−Mg−Cp] and its 

derivatives obtained in the similar fashion. 

Associated NICS(0) and NICS(1) values for two 
different rings in various metallocenes and their deriva-
tives are reported in Table 2. All the rings are aromatic. 
Asymmetry in NICS(1) values of symmetric metallo-
cenes (except [Cp−Be−Cp] with C1 symmetry): 
[X−M−X]n− is due to the position of M. It is, however, 
verified that identical NICS(1) values are observed 
when measured 1 Å above the upper ring and 1 Å below 
the lower ring. The NICS(0) values in these cases be-
have as expected. In general the aromaticity order is: 
Be3

2− > Mg3
2− > Cp−. It may, however, be noted that 

when the upper and lower rings are different one may 
expect four different NICS(1) values. All the associated 
reactions in the thermodynamically favorable (forward) 
direction are presented in Table 3. 

It is important to note that the order of preference 
of various units to form sandwich complexes is also the 
same, viz., Be3

2− > Mg3
2− > Cp−. 

Atomic charges (MPA and NPA) and the related 

condensed Fukui functions on various centers are pro-
vided in Table 4. There is a characteristic difference 
between the atomic charges in complexes with or with-
out Cp−. While the central metal atom contains a posi-
tive charge and hence a preferable site for an attack by 
an anion or a hard nucleophile in the former the reverse 
trend is expected in the case of the latter complexes. 

Similar trend is observed when atomic charges are 
obtained using natural population analysis (NPA). The 
ring atoms are negatively charged except for the Be3

2− 
unit(s) in [Be3−Be−Mg3]

2− and [Be3−Be−Be3]
2− and the 

Mg3
2− units in [Mg3−Mg−Mg3]

2− but for NPA all the 
ring atoms are negatively charged. Both electrophilic 
and nucleophilic attacks (MPA) for soft species would 
be favored in the central metal atom in most cases. 
However, for NPA the situation is just the reverse in 
many cases. The Fukui function is negative in more 
number of cases for MPA. Figure 2 depicts the impor-
tant frontier orbitals of those complexes. In majority of 
the cases the HOMO is π-bonding type where as the 
LUMO is of antibonding nature. In order to check the 
effect of σ-aromaticity in addition to π-aromaticity in 
stabilizing these complexes we study the substitution of 
Cp− units of beryllocene by Al4

2−. Since Al4
2− is aroma-

tic and Al4
4− is claimed to be antiaromatic we also incre- 

ase the number of electrons in [Al4−Be− Al4]
2− to see its 

effect on complexation. 

Optimized structures of [Al4−Be− Al4]
n−: n = 2, 4, 

5, 6 are presented in Figure 3 and some of their geome- 

Table 3. Substitution reactions 

No. 
Substitution reactions 

 ΔH / kcal mol−1 

1                [Mg3−Be−Mg3]
2−    +        Be3

2−     [Be3−Be−Mg3]
2−     +     Mg3

2− −43.1 
2                [Be3−Be−Mg3]

2−     +        Be3
2      [Be3−Be−Be3]

2−      +     Mg3
2− −25.2 

3                [Mg3−Be−Mg3]
2−    +     2 Be3

2−     [Be3−Be−Be3]
2−      +  2 Mg3

2− −68.3 
4                [Mg3−Mg−Mg3]

2−   +        Be2+     [Mg3−Be−Mg3]
2−    +     Mg2+ −125.6 

5                [Mg3−Mg−Mg3]
2−   +        Be3

2−     [Be3−Mg−Mg3]
2−    +     Mg3

2− −29.0 
6                [Be3−Mg−Mg3]

2−    +        Be3
2−     [Be3−Mg−Be3]

2−     +     Mg3
2− −25.4 

7                [Mg3−Mg−Mg3]
2−   +     2 Be3

2−     [Be3−Mg−Be3]
2−     +  2 Mg3

2− −54.4 
8                [Be3−Mg−Be3]

2−     +        Be2+     [Be3−Be−Be3]
2−      +     Mg2+ −139.5 

9                [Be3−Mg−Mg3]
2−    +        Be2+     [Be3−Be−Mg3]

2−     +     Mg2+ −139.7 
10                [Cp−Mg−Cp]          +        Be2+     [Cp−Be−Cp]           +     Mg2+ −139.1 
11                [Cp−Be−Cp]           +        Be3

2−     [Cp−Be−Be3]
−         +     Cp− −96.9 

12                [Cp−Be−Be3]
−        +        Be3

2−     [Be3−Be−Be3]
2−      +     Cp− −38.8 

13                [Cp−Be−Be3]
−        +        Mg3

2−     [Be3−Be−Mg3]
2−     +     Cp− −13.6 

14                [Cp−Be−Cp]           +     2 Be3
2−     [Be3−Be−Be3]

2−      +  2 Cp− −135.7 
15                [Cp−Mg−Cp]          +       Mg3

2−     [Cp−Mg−Mg3]
−       +     Cp− −71.8 

16                [Cp−Mg−Mg3]
−      +       Mg3

2−     [Mg3−Mg−Mg3]
2−   +     Cp− −9.2 

17                [Cp−Mg−Mg3]
−      +       Be3

2−     [Be3−Mg−Mg3]
2−    +     Cp− −38.2 

18                [Cp−Mg−Cp]          +    2 Mg3
2−     [Mg3−Mg−Mg3]

2−   +  2 Cp− −81.0 
19                [Cp−Mg−Cp]          +    2 Be3

2−     [Be3−Mg−Be3]
2−     +  2 Cp− −135.4 

20                [Cp−Be−Cp]           +    2 Mg3
2−     [Mg3−Be−Mg3]

2−    +  2 Cp− −67.5 
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trical parameters are presented in Table S2 (supporting 
information, Supplement). 

Since Al4
2− is a square planar (D4h) aromatic mo-

lecule we replace two Cp− units of beryllocene by two 
Al4

2− units to form [Al4−Be−Al4]
2−. Unlike the different 

complexes analyzed in the preceding paragraphs the 
square planar geometry of each Al4

2− units breaks down. 
Two new nearly rectangular frame works (1465 and 
2387) are formed. The 2387 rectangular plane is absent 
in [Al4−Be−Al4]

5− and unlike others the Be atom in this 
system does not remain in the middle of the 1465 plane, 
rather it stays slightly above the plane. In [Al4−Be− 

Al4]
2− the opposite pairs of angles are respectively acute 

and obtuse (not rectangular). However, the Be atom 
stays in the middle of the nearly rectangular 2387 plane 
of [Al4−Be−Al4]

n−, n = 2, 4, 6. 

Table 5 reports the hardness and polarizability 
values of these systems. The inverse behavior between 
hardness and polarizability is observed only in the cases 
of [Al4−Be−Al4]

n−, n = 4, 6 presumably due to the dif-
ference in structure in the other complexes as mentioned 
above. 

The NICS(0) and NICS(1) values on the 1465 ring 
of these systems are reported in Table 6. Most of the 

 
HOMO               LUMO 

[Be3−Be−Be3]
2− 

 
HOMO               LUMO 

[Be3−Be−Mg3]
2− 

 
HOMO               LUMO 

[Mg3−Be−Mg3]
2− 

 
HOMO               LUMO 

[Mg3−Mg−Mg3]
2− 

 
HOMO             LUMO 

[Mg3−Mg−Be3]
2− 

 
HOMO               LUMO 

[Be3−Mg−Be3]
2− 

 

 
HOMO               LUMO 

[Cp−Be−Cp] 

 
HOMO            LUMO 

[Cp−Be−Be3]
− 

 

 
HOMO            LUMO 

[Cp−Mg−Mg3]
− 

 

 
HOMO            LUMO 

[Cp−Mg−Cp] 

Figure 2. Some important frontier molecular orbital pictures of [Be3−M−Be3]
2−, [Mg3−M−Mg3]

2−, [Be3−M−Mg3]
2− and 

[Cp−M−Cp] metallocenes (M = Be, Mg). 
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rings are more aromatic than Al4
2−. Even when Cp− 

units are replaced by the antiaromatic Al4
4− rings, the 

1465 ring (in [Al4−Be−Al4]
6−) still remains aromatic. 

It is important to note that NICS values may not 
be adequate in explaining the aromaticity / antiaromati-
city in this type of systems as was highlighted through 
the related ring current studies.53 While energy values 
show Al4

4− to be antiaromatic as dictated by its photo-
electron spectrum9 and electron localization function 
values,54 the polarizability and hardness values suggest55 
its (singlet) overall aromaticity (it is σ-aromatic and π- 
antiaromatic) as is also shown by their NICS56 and 
magnetic field induced current density values. 57 Reac- 

tion enthalpies of the associated reactions (forward 
direction) are provided in Table 7. 

While most of the addition reactions are endo-
thermic the substitution reactions are exothermic in 
nature. A simple increase in the number of electrons 
exhibits a drastic change in the nature of the frontier 
molecular orbitals (Figure 4). 

Atomic charges (MPA and NPA) and the Fukui 
functions are reported in Table 8. In most cases for both 
MPA and NPA the Be-center is apt for an attack by an 
anion or a hard nucleophile while Al-centers are appro-
priate for an attack by a cation or a hard electrophile. 

Table 5. Point group, hardness (η / eV) and polarizability (α / eV) values of [Al4−Be−Al4]
n− metallocenes 

Metallocenes Point Group 
Hardness 
η / eV 

Polarizability 
α / eV 

[Al4−Be−Al4]
2− D3d 1.964 465.819 

[Al4−Be−Al4]
4− D3d 2.180 576.927 

[Al4−Be−Al4]
5− Cs 1.696 635.362 

[Al4−Be−Al4]
6− D2h 1.811 698.812 

Al4
2− D4h 2.681 275.256 

Table 6. NICS(0) and NICS(1) values on the ring 1465 of [Al4−Be−Al4]
n− metallocenes 

                           Metallocenes    (PG)(a) NICS(0) / ppm NICS(1) / ppm 
[Al4−Be−Al4]

2− (D3d) −74.81 −11.01 
[Al4−Be−Al4]

4− (D3d)                       −103.99 −35.28 
                          [Al4−Be−Al4]

5− (Cs) −25.08 −36.85 
[Al4−Be−Al4]

6− (D2h)                       −101.37 −29.70 
                           Al4

2−                         (D4h) −33.18 −27.06 
(a) Point group.  

Table 7. Addition/substitution reactions 

No. Addition/Substitution Reactions: ΔH / kcal mol−1 

1                      2 Al4
2−                   +      Be2+      [Al4−Be−Al4]

2− −785.1 

2                      2 Al4
2−                          +      Be      [Al4−Be−Al4]

4− 115.4 

3                      2 Al4
2−                   +      Be−      [Al4−Be−Al4]

5− 346.0 

4                      2 Al4
2−                   +      Be2−      [Al4−Be−Al4]

6− 497.1 

5                        [Al4−Be−Al4]
4−   +      Be2+      [Al4−Be−Al4]

2−   +     Be −916.9 

6                        [Al4−Be−Al4]
5−   +      Be2+      [Al4−Be−Al4]

2−   +     Be− −1147.4 

7                        [Al4−Be−Al4]
6−   +      Be2+      [Al4−Be−Al4]

2−   +     Be2− −1298.6 

8                        [Al4−Be−Al4
]6−   +      Be−       [Al4−Be−Al4]

5−  +      Be2− −151.2 

9                        [Al4−Be−Al4]
6−   +      Be      [Al4−Be−Al4]

4−  +      Be2− −381.7 

10                        [Al4−Be−Al4]
5−   +      Be      [Al4−Be−Al4]

4−  +      Be− −230.5 

11                        [Cp−Be−Cp]       +   2 Al4
2−      [Al4−Be−Al4]

2−  +   2 Cp− −104.2 
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As the overall charge increases, the reactivity of 
all the centers increases. The Al atoms are suitable for 
the attack by soft electrophiles and nucleophiles. The 
Fukui functions in the Be centers are all negative pre-
sumably due to the inadequacy of the MPA. The NPA-
scheme also suffers from the same drawback. 

 

CONCLUDING REMARKS 

Bonding, reactivity and aromaticity patterns change 
drastically when the cyclopentadienyl anion rings and / 
or the central beryllium atom in beryllocene are 
changed. Substitution of Cp− rings by Be3

2− and / or 
Mg3

2− rings in general make the rings more aromatic 
and the associated replacement reactions are thermody-

namically favorable. Substitution of Cp− rings by Al4
2− 

cannot preserve the square planar nature of Al4
2− al-

though other aromatic rings are formed in course of 
their formation. Reactivity of various centers towards 
ions as well as hard /soft electro (nucleo) philes are 
delineated. 

Supplementary Materials. – Supporting informations to 
the paper are enclosed to the electronic version of the article. 
These data can be found on the website of Croatica Chemica 
Acta (http://public.carnet.hr/ccacaa). 
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Figure 3. Optimized geometries (B3LYP/6-31G(d)) of [Al4−Be−Al4]
n− metallocenes, n = 2, 4, 5, 6; E expressed in hartrees. 
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Figure 4. Some important frontier molecular orbital pictures of [Al4−Be−Al4]
n− metallocenes, n = 2, 4, 5, 6. 
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SAŽETAK 

Vezanje, reaktivnost i aromatičnost nekih derivata berilocena 

Soma Duley, Puja Goyal, Santanab Giri i Pratim Kumar Chattaraj 

Department of Chemistry and Center for Theoretical Studies, Indian Institute of Technology, 
Kharagpur 721302, India 

Geometrije [X3−M−Y3]
2− za X, M, Y = Be, Mg; [Cp−M−Y3]

− za M, Y = Be, Mg i [Cp−M−Cp] za M = Be, Mg; 
Cp− = C5H5

− optimirane su na B3LYP/6-311+G(d) nivou teorije, kao i izračunate frekvencije. Zanimljivi se tren-
dovi u vezanju, reaktivnosti i aromatičnosti pojavljuju zamjenom Cp− fragmenata berilocena sa trokutastim 
aromatičnm dianionima, X3

2− (X = Be, Mg), kao i zamjenom središnjeg Be sa Mg. Slična supstitucija Cp− sa Al4
2− 

i dodatna promjena u broju elektrona dovode do posve–metalnih kompleksa koji nemaju originalne kvadratično 
planarne Al4

2− prstenove i do novoformiranih, pravokutnih aromatskih prstenova. Atomski naboji i Fukuijeve 
funkcije pružaju dodatni uvid u lokalne reaktivnosti individualnih atomskih centara. 





S. Duley et al., Bonding, Reactivity and Aromaticity in Some Beryllocenes S-1 


Croat. Chem. Acta 82 (2009) S1. 


 


 


Bonding, Reactivity and Aromaticity in Some Beryllocene Derivatives 


Soma Duley, Puja Goyal, Santanab Giri, and Pratim Kumar Chattaraj 


 
 


SUPPLEMENT 
 
 
 


 
 







S-2 S. Duley et al., Bonding, Reactivity and Aromaticity in Some Beryllocenes 


Croat. Chem. Acta 82 (2009) S1. 


 


 


 
 
 
 
 
 
 
 
 
 
 
 
 







 S. Duley et al., Bonding, Reactivity and Aromaticity in Some Beryllocenes S-3 


Croat. Chem. Acta 82 (2009) S1. 


 
 


 
 
 
 
 
 
 
 







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [720.000 540.000]
>> setpagedevice



