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Abstract

Conventional criteria and indices of aromaticity, including electronic, geometric, energetic and magnetic aspects have been

applied to examine the aromaticity of five typical transition metal heterocyclic complexes, i.e. six-membered osmabezene 1 and

iridabenzene 2, five-membered cobaltacyclopentadiene 3 and iridacyclopentadiene 4, and four-membered tungstacyclobutadiene 5.

The results show that the cyclic, planar, conjugated and H€uckel 4nþ 2 rule�s criteria in the transition-metal-containing heterocycles

of the five complexes studied are all met. Five quantitative aromaticity indices, including Bird aromatic index (In), homodesmotic

reaction aromatic stabilization energy (HASE), absolute hardness (g), diamagnetic susceptibility exaltation (K) and NMR chemical

shift (dH ), qualitatively lead to a consistent and affirmative conclusion that all of them are aromatic. However, they fail to draw

a common conclusion for their relative magnitudes of aromaticity, which proves once again the multidimensional character of

aromaticity.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Traditionally, the term ‘‘aromaticity’’ has been as-

sociated with some specific organic compounds, which

common characteristics are planar, cyclic and pos-

sessing delocalized p-electrons, for examples, benzene,
furan, pyridine, thiophene and phosphabenzene. A

significant feature of these systems is that the conju-

gated p orbitals are composed by the p orbitals of

carbon or heteroatoms. Here we call them as tradi-

tional or conventional p–p p conjugated systems. The

electronic structure and aromaticity, including quanti-

tative criterion and index of aromaticity, of these p–p

p conjugated systems have been well studied [1,2].
However, very little has been known about the tran-

sition metal heterocyclic compound, in which a CH

group has been formally replaced by a transition metal
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and its associated ligands [3–5]. A typical feature of

these compounds is that the transition metal d orbital

participates the p-conjugation. By contrast with p–p p
conjugated systems, here we call them as d–p p con-

jugated systems. In 1979, Thorn and Hoffmann [6]

predicted that metallabenzenes were aromatic. How-
ever, as far as we know, it is not exactly clear that

how to judge whether a transition metal heterocyclic

compound is aromatic and estimate its magnitude of

aromaticity. And this is the objective of our investi-

gations. In this paper, we will just focus on examining

the aromaticity of five typical transition metal hetero-

cyclic complexes by the conventional criteria and in-

dices of aromaticity, such as H€uckel 4nþ 2 rule, Bird
aromaticity index, homodesmotic reaction aromatic

stabilization energy (HASE), absolute hardness, dia-

magnetic susceptibility exaltation and NMR chemical

shift, which have been applied successfully to the tra-

ditional p–p p conjugated systems. And further studies

on new criteria and indices of aromaticity for transi-

tion-metal-containing complexes will be conducted in

the future.
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2. Models and computational details

For the purpose of our investigation, five typical tran-

sition metal heterocyclic complexes have been chosen, i.e.

six-membered osmabezene Os[CHCHCHCHCH]I(CO)(PH3)2Os[CHCHCHCHCH]I(CO)(PH3)2 1

and iridabenzene Ir[CHCHCHCHCH](PH3)3 2, five-membered

cobaltacyclopentadiene Co[CHCHCHCH](η5-C5H5)(PH3) 3 and

iridacyclopentadiene  Ir[CHCHCHCH]H(CO)(PH3)2 4 and four-

membered tungstacyclobutadiene W[CHCHCH]Cl3 5. These

model compounds came from their experimental proto-

types, i.e.

Os[C(SMe)CHCHCBrCH]I(CO)(PPh3)2,
Ir[CHCMeCHCMeCH](PEt3)3,
Co[C(C6F5)C(C6F5)C(C6F5)C(C6F5)](η5-C5H5)(PPh3),
Ir[CMeCHCMeCH]H(CO)(PEt3)2 and
W[C(t-Bu)CMeCMe]Cl3,
respectively, with all PPh3 and PEt3 ligands were mod-
eled using PH3 groups and all substituents on their

carbon units were replaced by hydrogen [3,7–9].
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Molecular geometries of all model complexes used in

the follows have been fully optimized at the B3LYP level

of DFT [10]. The LANL2DZ effective core potentials

[11] and basis sets were used to describe Os, Ir, Co, W,

P, I and Cl, while the standard 6-31G** basis set was

used for C, H, O and N [12]. Polarization functions were

also added to P, I and Cl, i.e. P (nðdÞ ¼ 0:34), I
(nðdÞ ¼ 0:266) and Cl (nðdÞ ¼ 0:514). Moreover, one

reviewer concerned that DFT method might overesti-

mate the conjugation in general, and then aromaticity in

this paper. This is true in general. To check the possible

method problem, we followed the reviewer�s suggestion,
MP2 method (the same basis sets as the above) was used

to calculate complex 1. The optimized structure pa-

rameters have no significant changes comparing with the
ones by the method of B3LYP. But compared with the
experimental structure parameters, it seems that the

DFT method gave a better agreement with the experi-

ments than MP2 (the biggest discrepancy is 0.106 �A for

MP2, 0.085 �A for DFT). Natural bond orbital (NBO)

analyses were performed using the NBO program as
implemented in the GAUSSIANGAUSSIAN-98 program [13]. Mo-

lecular magnetic susceptibilities and NMR chemical

shifts were calculated at the B3LYP level using the

continuous set of gauge transformations (CSGT) [14]

and the gauge-independent atomic orbital (GIAO) [15]

methods, respectively. All the calculations were per-

formed with the GAUSSIANGAUSSIAN-98 software package [16].
3. Results and discussion

In traditional aromaticity chemistry, we assert a
compound is aromatic based on four basic criteria,

namely, cyclic, planar, conjugated and H€uckel 4nþ 2

rule, which should be met at the same time. There are

also many quantitative indices of aromaticity, including

Bird index, HASE, absolute hardness, diamagnetic

susceptibility exaltation and NMR chemical shift, with

which one can compare the relative magnitude of dif-

ferent aromatic compound. We here apply these con-
ventional criteria and quantitative indices of aromaticity

to our model transition metal heterocyclic compounds

in order to assess their aromaticities in detail.

3.1. Geometric criteria

Model osmabenzene 1, iridabenzene 2, cobaltacyclo-

pentadiene 3, iridacyclopentadiene 4 and tungstacyclo-
butadiene 5 have been fully optimized. The optimized

structures and some important structural parameters are

shown in Fig. 1, together with those parameters from

their experimentally characterized prototypes (no for the

prototype of 4). Clearly, the theoretical calculations may

be said to well reproduce the experimental results when

the differences between the models and their experi-

mental prototypes are considered.
Our calculations show three wonderfully planar

metallacycles: the dihedral angles C3–C2–C1–Os, C4–

C3–C2–C1 and C5–C4–C3–C2 in 1, C3–C2–C1–Ir and

C4–C3–C2–C1 in 4, and C3–C2–C1–W in 5 are nearly

zero, and the sums of the internal angles within the rings

are 720�, 540� and 360�, respectively, which are the

values exactly required for planar hexagon, pentagon

and quadrangle, respectively. By comparison, the atoms
of Ir in 2 and Co in 3 are slightly departed from the

planes of their carbon portions, 5� in 2 and 3� in 3.

From the bond distance data listed in Fig. 1, we can

see that the C–C bond distances in the five metallacycles

are obviously averaged since the largest deviation is

0.042 �A in 1, 0.010 �A in 2, 0.108 �A in 3, 0.110 �A in 4 and

even zero in 5, and all can be comparable to those found



Fig. 1. Optimized structures with selected structure parameters for the

model 1–5 together with experimental structural parameters of their

prototypes (given in the parentheses). Distances are in �A and angles are

in degrees.
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in benzene (1.398 �A) [17]. Such evenness can also be seen

among M–C (M¼Os, Ir, Co, W) bonds, which are all

between normal M–C single and double bonds since the

normal distances are 2.148 and 1.943 �A for Os–C single

and double bonds, 2.160 and 1.897 �A for Ir–C bonds,
1.966 and 1.737 �A for Co–C bonds, 2.139 and 1.862 �A
for W–C bonds [18].

In a word, these systems studied here show good

planarity and conjugation properties in the transition-

metal-containing heterocycles.
3.2. The H€uckel 4nþ 2 rule

In the six-membered model complexes 1 and 2, the

carbon unit is perhaps best regarded as a monoanionic

ligand C5H
�
5 [19]. In this view, it possesses eight valence

electrons in addition to back-bone r-electrons. Four of
these valence electrons are used to form r-bonds to

osmium or iridium, while the remaining four are p-
electrons and reside in comparatively low-lying 1p and

2p orbitals of the carbon unit (see (a) and (b) of Scheme
1). Naturally 1 can be considered as a distorted octa-

hedral Os(II)�d6 complex and 2, a distorted trigonal bi-

pyramidal Ir(I)�d8 complex. The filled dxz orbital of

Os(II) and hybrid dxz/d
2
z orbital of Ir(I) in our coordi-

nates system will interact in a back-bonding fashion

with the empty 3p orbital of the carbon unit (see (c) and

(d) of Scheme 1). Considering the four p-electrons of the
carbon unit, both 1 and 2 therefore obey the H€uckel
4nþ 2 rule as Thorn/Hoffmann predicted [6].

In the two five-membered metallacycles 3 and 4, the

carbon unit is obviously a dianion ligand (C4H
2�
4 ) and

possesses the similar four p-electrons residing 1p and 2p
orbitals (see (a) and (b) of Scheme 2) as the above C5H

�
5 .

Then 3 is a sexadentate Co(III)�d10 complex and 4 is a

sexadentate Ir(III)�d6 complex. They have filled hybrid

dxz/d
2
z orbital and dxz orbital in our coordinates system,

respectively, which can interact with the empty 3p or-

bital of the carbon unit in back-bonding fashion (see (c)

and (d) of Scheme 2) and donate two p-electrons so that

both of them have six p-electrons and obey the H€uckel
4nþ 2 rule.
1π 2π 3π 3π

(a) (b) (c) (d)

Scheme 1.
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Scheme 2.
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In the four-membered 5, the carbon unit C3H3 can be

considered as monoanion C3H
�
3 ligand. It possesses 16

valence electrons totally. Besides the ten back-bone r-
electrons and the four electrons which are used to form

r-bonds to metal center, there are two p-electrons re-

siding in its 1p orbital. This orbital can interact with the

empty metal dxz orbital in a back-bonding fashion (see

(a) of Scheme 3). And the only two d electrons of the

metal center reside in its dyz orbital, which keeps non-

bonding with the carbon unit (at most a rather weak d
interaction between it and the 2p orbital (see (b) of

Scheme 3), which can be ignored) [3]. In this consider-

ation, the four-membered metallacycle has only two

formal p electrons, but still obeys the 4nþ 2 rule (n ¼ 0).

The above qualitative fragment orbital interaction

analysis demonstrates that the five metallacycles studied

all possess the electronic property of aromatic species,

conforming to the H€uckel 4nþ 2 rule, though the
z

x
y

1π 2πdxz
dyz

(a) (b)

Scheme 3.

Table 1

Calculated I6/I5/I4, HASE, absolute hardness (g) and diamagnetic susceptibi

Compound I6/I5/I4 HA

Osmabenzene 1 18 )7
Iridabenzene 2 26 )6
Cobaltacyclopentadiene 3 7 )1
Iridacyclopentadiene 4 6 )2
Tungstacyclobutadiene 5 78 )1
Benzene 100 )16
Pyridine 99 )13
Pyrrole 39 )9
a Scaled by zero-point vibrational energy.
numbers of atoms in these metallacycles are not the

same.

3.3. Bird aromaticity index In

The equalization of bond lengths has been generally

recognized as the property of delocalized bonds. In, in-

troduced by Bird, was used to demonstrate whether a

traditional heterocyclic compound possesses such

property [20]. It is based upon the statistical evaluation

of the extent of variation of ring bond orders as given by

the expression

In ¼ 100ð1� V =VKÞ; where V ¼ 100
�N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðN � �NÞ2

n

s
;

�N is the arithmetic mean of the n various ring bond

orders, N , which we here get directly from NBO analysis

instead of the original method N ¼ a=R2 � b. VK is the

value of V for the corresponding non-delocalised Kekul�e
form with alternating single and double bonds. Bird

gave unified VK ¼ 33:3 for six-membered heterocycles

and VK ¼ 35 for five-membered herterocycles, but no for
four-membered ones.

We here consider that different hetero-atoms impact

the value of VK as strongly as the different ring sizes do.

So we have calculated VK for every studied system

following its original define, i.e. V for an partially op-

timized system with the bond lengths in the ring being

fixed, where the single and double C–C bonds equal

with ones in cyclobutadiene, the single and double
M–C bonds equal with ones coming from the corres-

ponding MRn(CH2)(CH3) (for six- and four-membered

cycles) or MRn(CH3)2 (for five-membered cycles). The

data of In for five metallacycles in this method have

been listed in Table 1. The positive In data demonstrate

that the electrons in the rings are delocalized, and

therefore they are aromatic. We can also see that the In
decreases from six-membered 1 (18) and 2 (26) to five-
membered 3 (7) and 4 (6) as well as from six-membered

benzene (100) and pyridine (99) to five-membered pyr-

role (39), while I4 for four-membered 5, 78, is the

greatest among the five metallacycles. It is, In predicts
lity exaltation (K)

SEa/(kJmol�1) g/eV K/cgs-ppm

9.3 4.43 )7.0
1.7 4.22 )10.2
7.9 4.62 )2.2
3.1 4.81 )1.5
1.3 4.78 )11.0
3.0 6.47 )10.9
4.7 6.32 )10.6
0.0 6.65 )9.7
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the relative aromaticity for the five model complexes

studied as five-membered 3 and 4< six-membered 1 and

2< four-membered 5.
3.4. Homodesmotic reaction aromatic stabilization energy

Homodesmotic reaction aromatic stabilization energy

(HASE) is a measure calculating the delocalized energy

of p-electrons in a conjugated system on the basis of a

model homodesmotic reaction, where there are the same

number of bonds between given atoms in each state of

hybridization both in products and reactants [21,22]. We

designed Eqs. (1)–(5) for the five metallacycles and (6)–
(8) for the other traditional cycles, where the conjugated

rings with multiple bonds were converted to the corre-

sponding cyclic monoenes, which is expected to cancel

strain effects more effectively than when they are con-

verted to some alkenes [22,23]. The calculated data of

HASEs for the eight cycles have been shown in Table 1.

They are all negative, which demonstrates that all of the

five model metallacycles, as well as benzene, pyridine
and pyrrole, are aromatic. And the negative HASEs for

the five objects decrease in such sequence as six-mem-

bered 1 (79.3 kJmol�1) and 2 (61.7 kJmol�1)> five-

membered 3 (17.9 kJmol�1) and 4 (23.1 kJmol�1)>
four-membered 5 (11.3 kJmol�1), which predicts their

aromaticities decrease with decreasing ring size. It is in

part due to that any increment scheme cannot com-

pletely cancel planar cyclic strain.
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3.5. Absolute hardness (g)

Absolute hardness is an important criteria to value
the stabilization and reactivity of a molecule [24], which

has been defined as half the HOMO–LUMO gap for

Hartree–Fock (HF) or H€uckel theory, i.e. g ¼ ðeLUMO�
eHOMOÞ=2, by Pearson according to Koopman�s theo-

rem of frontier orbital [25]. Recently Zhou and Parr

have developed it as a quantitative aromaticity mea-

sure and defined the dividing line between aromatic

and antiaromatic species as 0.2gB ðgB ¼ the absolute
hardness of benzeneÞ on the ground of a great deal of

calculations and comparison [26]. And they have

also inferred in light of the principle of maximum

hardness that the larger the g is, the more aromatic the

molecule is.

g data listed in Table 1 are HF absolute hardness, and

for the consistency in the discussion the HF calculations

were performed on the single points of the above
structures optimized with DFT method. The hardness

values for the model complexes 1–5 are 4.43, 4.22, 4.62,

4.81 and 4.78 eV, respectively, which are all larger than

twenty percent of benzene�s 6.47 eV. Then according to

Zhou and Parr, all the five metallacycles are aromatic,

and the five- and four-membered metallacycles are more

aromatic than the six-membered ones.

3.6. Diamagnetic susceptibility exaltation (K)

In the 60s of twentieth century, Dauben et al. [27]

reported an experimental criterion of aromatic character
based on global susceptibilities of compounds, which

recently has been improved in computing by Kutzelnigg

[28] and Schleyer etc. [29]. The diamagnetic susceptibil-

ity exaltation (K) of a conjugated system is the difference

between the calculated susceptibility of itself (vM) and

that of corresponding localized system ðv0MÞ : K ¼
vM � v0M (v0M is estimated with the method of bond

separation, i.e. homodesmotic reaction equations in our
work). A negative diamagnetic susceptibility exaltation

exhibits aromaticity, whereas antiaromaticity. From the

computed data of K listed in Table 1, we can see that the

exaltations of all the five metallacyles are negative,

which demonstrates the diamagnetic cyclic current in the

rings and therefore they are aromatic. The negative



Table 2

The calculated NMR chemical shift data of out-ring protons

H1 H2 H3 H4 H5

Osmabenzene 1 11.45 7.54 7.21 7.14 13.19

Iridabenzene 2a 10.75 7.32 7.01

Cobaltacyclopentadiene 3 7.86 6.81

Iridacyclopentadiene 4 8.59 6.75 6.91 6.17

Tungstacyclobutadiene 5 9.82 12.14

Benzene 7.39

Pyridine 8.78 7.20 7.55

Pyrrole 6.53 6.18

aH1 is the hydrogen atom on the carbon adjacent to hetero-atom, namely a hydrogen; H2 is the b hydrogen and H3 is the c hydrogen.
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exaltations for five-membered 3 and 4 (2.2 and 1.5 cgs-

ppm) are obviously less than those for six-membered 1

and 2 (7.0 and 10.2 cgs-ppm), while that for four-

membered 5 (11.0 cgs-ppm) is larger than all of them.

That is, the six-membered metallacycles are more aro-

matic than the five-membered ones, but the four-mem-

bered is the most aromatic among them, which is agreed

with In.

3.7. NMR chemical shift of out-ring proton (dH)

It has long been recognized that the conjugated sys-

tem of p electrons under an applied field supports a ring

current, which exerts a deshielding effect on atoms

outside the ring [30]. As a result, the out-ring protons of

an aromatic cycle are shifted downfield in their 1H
NMR spectrum. So we can determine the aromaticity of

a cycle according to the computed NMR chemical shifts

of its out-ring protons. The computed dH data for the

eight cycles are presented in Table 2. The protons

around the five metallacycles are obviously shifted

downfield as that in benzene, pyridine and pyrrole.

Among them, the a-Hs� shifts should be partly attrib-

uted to the magnetic anisotropic influences from the
adjacent large metal atoms [3], while the others� shifts
primarily come from the aromatic cyclic current. We

can also see that those non-a-Hs in six-membered 1

and 2 are shifted more than those in five-membered 3

and 4, while that in the four-membered 5 is shifted most

among them. Then the relative aromaticity order, five-

membered 3 and 4< six-membered 1 and 2< four-

membered 5, having been predicted by both In and K,
can be reproduced.
4. Conclusion

In this paper, an attempt has been made to investigate

aromaticities of five typical d–p p conjugated model or-

ganometallic complexes, i.e. six-membered osmabezene 1
and iridabenzene 2, five-membered cobaltacyclopent-

adiene 3 and iridacyclobutadiene 4 and four-membered

tungstacyclobutadiene 5, with the aid of qualitative
fragment orbital interaction analysis and quantitative

density functional theory calculations.

The optimized structures show that each of the five

metallacycles keeps very good coplanarity no matter it is

six-, five- or four-membered, and also the average of

bond lengths has been observed. The valence electron

analysis denotes that the six- and five-membered me-

tallacycles (1, 2, 3, 4) possess six delocalized p-electrons
due to the back-bonding interaction between the filled

metal dxz orbital or hybrid dxz/d
2
z orbital and the empty

3p orbital of the carbon unit, and four-membered 5 has

two delocalized p-electrons due to the interaction be-

tween its empty metal dxz orbital and the filled 1p orbital

of its carbon unit. That is, the conventional criteria of

cyclic, planar, conjugated and H€uckel 4nþ 2 rule in the

transition-metal-containing heterocycles of the five
complexes studied are all met.

The aromaticities of these five models have also been

quantitatively probed with diverse aromaticity indica-

tors, i.e. Bird aromatic index (In), homodesmotic reac-

tion aromatic stabilization energy (HASE), absolute

hardness (g), diamagnetic susceptibility exaltation (K)
and NMR chemical shift (dH ), which covers their as-

pects of geometry, energetic and magnetic properties.
Although these traditional methods qualitatively lead to

a consistent and affirmative conclusion that all of them

exist aromaticity, they fail to draw a common conclu-

sion for their relative magnitudes of aromaticity, which

is found to differ depending on the aromaticity criterion

used. It proves once again the multidimensional char-

acter of aromaticity that has been widely accepted re-

cently [1,31–34]. Three among the indices, In,
diamagnetic susceptibility and NMR chemical shift,

point to the relative ordering 3 and 4< 1 and 2< 5, that

is, the six-membered metallacycles are more aromatic

than the five-membered ones and the four-membered

one is the most aromatic among them. Whereas the

other two energy indices, HASE and absolute hardness,

almost get to each other�s reverse: HASE predicts their

aromaticities decrease with decreasing ring size, while
absolute hardness predicts the smaller five- and four-

membered metallacycles are more aromatic than the six-

membered ones.
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