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Abstract

Eight member rings with two adjacent pnicogen heteroatoms are analysed from a theoretical point of view. 1,2-diaza-cyclooctatetraene presents

a distorted structure when it has a double negative or double positive charge. On the other hand, 1,2-diphospha-cyclooctatetraene is a perfect

planar (presumably aromatic) structure when the global charge is K2 or C2. The capability of these rings to bond to a Cr(0) carbonyl fragment is

also analysed.

q 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Compounds with cyclopentadienyl ligands with n-hapto

coordination, as well as the reactivity of charged compounds

with cyclooctatetraene and metals with d or f orbitals, are

topics that have been studied for several years [1]. In particular,

the capability of cyclooctatetrene (COT) to form organome-

tallic complexes has been widely studied [3]. It has been

observed that the perfluorination of the cyclooctatetraene

ligand produces a significant improvement in the thermal and

air stability of the h6-complexes [4]. This result indicates the

capability of COT to present the inductive effects from further

nucleophilic attacks and consequently to also handle different

changes in charge and electron mobility. Besides, previous ab

initio calculations of annelated COTs [5] reported the planar

conformation as the most stable structure with delocalised

diradicals. However, it is not clear whether the planar

conformation will remain for COT with other substituents or

for COT with one or more heteroatoms. In fact, the study on the

stability and the reactivity of the heterocyclic (i.e. cyclooctate-

trene rings containing one or more heteroatoms) counterparts

has not been analysed, nor their hypothetical derivatives. The

chemical properties of these compounds are not known, and

thus it is an important matter of study that should be explored.
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One of these important ligands, the 1,2-diaza-cyclooctate-

traene [2] (DCOT) (Fig. 1), has been experimentally prepared

by several authors. It has been reported that DCOT does not

show valence tautomerism. It has also been established, by

NMR 13C and calorimetry determinations (enthalpies of

formation) [2], that the tub conformation is the most stable

structure since with this conformation, the electronic lone-pair

of the nitrogen atoms (and their corresponding occupied

orbitals) are perpendicular to the nitrogen carbon double bond

plane (Fig. 1(b)).

Furthermore, the NMR 13C studies show that in the ground

state, the molecule of DCOT does not show electronic

delocalisation. The double bonds are localized and the tub

shape produces a molecule with very low flexibility. The two

possible conformations are shown in Fig. 2, a being the most

stable conformation, as the NMR studies indicate.

The reactivity of this molecule is different when it is not

neutral. The double charged species, either negative or

positive, should present the configuration of an aromatic ring,

consequently adopting the planar structure as the most stable

one.

In previous works, we studied the aromaticity of hetero-

cyclic rings and its connection with the molecular charge, in

particular, aromatic heterocyclic rings bigger than pyridine and

its analogues [6]. To continue the analysis of the aromaticity in

this type of compounds, and considering the DCOT as the

model, we performed a theoretical study of heterocyclic rings

with two adjacent heteroatoms, as a means to analyse the most

stable structure and the most stable electronic configuration.
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Fig. 1. (a) DCOT planar view; (b) DCOT tub conformation.
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Fig. 3. (a) and (c) 1,2-diaza-cyclooctatetraene (planar and tub-shape

conformation, respectively); (b) and (d) 1,2-diphospha-cyclooctatetraene

(planar and tub-shapes conformation, respectively).
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The analysis of the bonds and the stability of these compounds

allowed us to establish some issues related to their reactivity

with some organometallic fragments. In this study, we

analysed the geometric and electronic configuration of

DCOT and its phosphorus analogue (DPCOT) 2, as aromatic

fragments and as chelating agents. This study models the

isolated rings in different ionisation states, as well as some

molecules with these rings as substituents on Cr(0) carbonyl

fragments. Most stable structures, nucleus independent

chemical shifts (NICS) to analyse the aromaticity, natural

bond orbital (NBO) to obtain the atomic charges, and

molecular orbital pictures are reported for these systems.
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2. Computational details

All calculations have been performed with the Gaussian 98

program [7]. Full geometry optimisations without symmetry

constraints were carried out using density functional (DF)

calculations. Becke’s gradient corrections [8] for exchange and

Perdew-Wang’s for correlation [9a] were used for the

optimisation and total energy evaluation, therefore the

correspondent functional is the BPW91 that has shown

excellent performance in this kind of systems [9b,c]. All

calculations were performed using the 6–31-G** basis set for

C, N, H and P and 3–21-G* basis set for Cr and Fe.

Atomic charges were evaluated through the NBO [10]

model with 6–311-CCG* basis set. The NBO (natural bond

orbital) method for atomic charge calculations was chosen

considering the correlation with the Lewis structure represen-

tation. It is well known that this model appropriately describes

the molecular environment and consequently the electron

density. NICS (NICS) is a technique proposed by Schleyer [11]

as an aromaticity index. Following the methodology of

Schleyer, we obtained the absolute magnetic shielding at the

centre of the rings, which is determined by the non-weighted

mean of the heavy atom coordinates, these calculations were

carried out at 6–31CG* level as it was recommended by

Schleyer.
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Fig. 2. Rigid conformations of DCOT.
3. Results and discussion

Optimised planar and tub shape structures of the rings are

shown in Fig. 3. The optimised model of an organometallic

molecule is reported in Fig. 4.

The most stable structure of the compound with nitrogen

atoms shows the predicted tub shape. Other calculations,

considering different charges as C1 or K1 merely produce

irregular distortions. However, the most stable structures with

C2 or K2 charges are planar. A slightly different situation is

found in the case of the ring with phosphorus. The neutral, the

mono and di-cation, and the anion most stable structures are

similar to the compounds with nitrogen. In all these cases, the

tub or distorted shapes are the ground states. With phosphorus,

the planar structure is more stable only when the charge is

equal to K2. It is important to say that the eigenvalues of the

frontier orbitals of the di-anion compounds are positive,

indicating that the electrons are not attached to the molecule.

Therefore, it will be difficult find these species isolated in gas

phase.

The NICS [11] analysis was performed in both anionic

structures with very interesting results, even though the ring

with nitrogen atoms does not show large aromaticity (the NICS
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Fig. 4. Complex of di-carbonylC(0) with 1,2-diphospha-cyclooctatetraene

showing a h8 coordination.



Fig. 5. Frontier occupied molecular orbitals of compound with phosphorus.
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value is 5.05). However, the compound with phosphorus shows

a very defined aromatic nature (the NICS value is K12.7). The

explanation for this phenomenon is based on the nature of the

multiple bond between N–N and P–P. The flexibility of the N–

N bond in this molecule is so low, indeed, it has been proposed

that the double bonds in the ring are static, therefore it is not

possible to find a double bond between both nitrogen atoms

(i.e. there is not resonance) [2a,d]. On the other hand,

phosphorus, although it belongs to the same family, is less

rigid than its nitrogen counterpart allowing many different

kinds of bonds. In addition, this phenomenon arises from the

intrinsic electronegativity difference between both elements (N

and P) since electronegativity of nitrogen is 2.93, whereas, for

phosphorus, it is 2.16 (Sanderson scale [12]). Therefore, with

phosphorus there is a higher movement of electrons than with

nitrogen. Thus, the ring containing phosphorus shows

resonance and indeed aromaticity.

This idea can be proved by analysing the NBO charge

values and the nature of the frontier molecular orbitals. The

NBO charge values are shown in Table 1 for both di-anions,

one with the P–P unity and the other one with the N–N

fragment. In the case of phosphorus, the negative charge is

distributed in all atoms of the ring, although the carbon atoms

directly joined to the heteroatoms have some preference.

However, in the case of nitrogen, practically all the negative

charge is localised on the same carbon atoms, whereas the

other six heavy atoms are almost neutral. Therefore, there is an

electronic resonance in the first case but not in the second one.

The shapes of the HOMO and HOMO-1 for the compound with

phosphorus heteroatoms are shown in Fig. 5. They suggest that

there should be an electronic delocalisation. The energy

difference between both orbitals is only 0.54 eV.

The capability of these rings as organometallic ligands can

be analysed taking these properties in consideration. The

compound with nitrogen atoms is definitively a bad target for

the formation of a ferrocene-like compound, because the

electronic delocalisation (aromaticity) and the adequate

molecular orbitals needed for making the delocalised p bond

do not exist. However, it is important to highlight that the

localization of bonds suggested by Trost and co-workers [2d]

can be achieved, so this molecule can effectively bind to a

metal ion by a localised p bond as an olefin. The case of the

compound with phosphorus is very different, because this ion

has the appropriate characteristics to be a ligand like the

cyclopentadiene anion. However, a major issue is whether
Table 1

NBO charge values for 1 and 2

1 2

N1 K0.0781 P1 K0.1045

C3 K0.8882 C3 K0.5737

C5 K0.1149 C5 K0.2962

C7 K0.1188 C7 K0.3070

The order of the carbon atoms is denoted by each number. In this sense, C3 is

bonded to the heteroatom, C5 is bonded to C3 and C7 is bonded to C5. The

other half of the molecule yields the same values.
the electronic delocalisation is enough to bind a metal in an

aromatic fashion and generates a h8-complex. According to our

data it is not enough due to the fact that the trend of the

phosphorus to react through its lone-pair. Furthermore, the

tendency to localise the negative charge on the carbon atoms

close to the phosphorus atoms, suggests that this electronic

delocalisation is very weak and can be deflected to a specific

region of the ring.

The calculation of the modelled organometallic compounds

reinforce this idea. The organometallic species present an

interesting behaviour. In both cases, the molecules have no-

planar rings (the corresponding scheme for the 1,2-diphospha-

cyclooctatetraene carbonyl complex is shown in Fig. 6) but tub

shaped. It seems that the electronic transfer from the ring to the

metallic centre is crucial for a lack of important delocalised

electrons on the resonance process of the ring. The result is a

structure similar to the neutral molecule. However, it has a h4

configuration, and the carbon atoms involved in the bonds to

the metal are not contiguous to the phosphorus atoms, they are

those that complete the ring and are far from the P–P bond. The

analysis of charges and molecular orbitals of this species

indicates a very good p delocalisation on the four carbon atoms

fragment. In such a way, they can develop a p arene-like

compound. Chen and his co-workers reported that the Jahn

Teller distorsion is expected to occur so as to relieve the

electronic degeneracy [13]. Comparing the eigenvalues of the

planar structure with the eigenvalues of the distorted structure,

there is no electronic degeneracy in the planar structure and

therefore, we could not explain the distortion of the structure

with the Jahn Teller effect.
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Fig. 6. Optimised geometry of complex three showing a h4 coordination.



R. Salcedo et al. / Journal of Molecular Structure: THEOCHEM 758 (2006) 49–5252
4. Conclusions

Eight-member rings with two heteroatoms can change their

conformation from tub shape to planar on acquiring negative

double charge. However, only the case of phosphorus results in

an aromatic compound. Both rings can bind an organometallic

fragment in p fashion, but the ring loses the planar form to

adopt again the tub-shape and yielding an h4 complex.
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traene, Verlag Chemie GmbH, Weinheim, 1965; G.I. Fray, R.G. Saxton,

The Chemistry of Cyclooctatetraene and its Derivatives, Cambridge

University Press, Cambridge, UK, 1978; F.T. Edelmann,

D.M.M. Frckmann, H. Schumann, Chem. Rev., 1021851; G. Deganello,

Transition Metal Complexes of Cyclic Polyolefins, Academic Press,

London, 1978; C. Elschenbroich, A. Salzer, Organometallics, second ed.,

VCH, Weinheim, 1992.
[4] R.C. Hemond, R.P. Hughes, A.L. Rheingold, Organometallics 8 (1989)

1261; R.T. Carl, E.W. Corcoran, R.P. Hughes, D.E. Samkoff, Organo-

metallics 9 (1990) 838.

[5] K.K. Baldridge, J.S. Siegel, J. Am. Chem. Soc. 123 (2001) 1755.

[6] R. Salcedo, A. Martı́nez, L.E. Sansores, Tetrahedron 57 (2001) 8759.

[7] M.J. Frisch, G.W. Trucks, H.P. Schlegel, G.E. Scuseira, M.A. Robb, J.R.

Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. Stratmann, J.C.

Burant, S. Dapprich, J.M. Millam, A.E. Daniels, K.N. Kudin, M.C. Strain,

O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Menucci, C.

Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,

K. Morokuma, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B.

Foresman, J. Cioslowski, J.V. Ortiz, B.B. Stefanov, G. Liu, A. Liashenko,

P. Piskorz, I. Komaromi, R. Gomperts, L.R. Martin, D.J. Fox, T. Keith,

M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M.

Challacombe, P.M.W. Gill, B.G. Johnson, W. Chen, M.W. Wong, J.L.

Andres, M. Head-Gordon, E.S. Replogle & J.A. Pople. GAUSSIAN 98,

Gaussian Inc., Pittsburgh, PA, 1998.

[8] A.D. Becke, Phys. Rev. A. 38 (1988) 3098.

[9] J.P. Perdew, Y. Wang, Phys. Rev. B 45 (1992) 13244; C.J. Wu,

L.H. Yang, L.E. Fried, J. Quenneville, T.J. Martinez, Phys. Rev. B 67

(2003) 235101; Ch.W. Bausclicher, J.W. Lawson, A. Ricca, Y. Xue,

M.A. Ratner, Chem. Phys. Lett. 388 (2004) 427.

[10] Glendening E.D., Badenhoop J.K., Reed A.E. A., Carpenter J.E.,

Bohmann J.A., Morales C.M. &Weinhold F. NBO 5.0. Theoretical

Chem. Institute. Madison, WI, 2001.

[11] P.v. R. Schleyer, C. Maerker, A. Dransfield, H. Jiao, N.J. R.v.E. Hommes,

J. Am. Chem. Soc. 118 (1996) 6317.

[12] R.T. Sanderson, Inorganic Chemistry, Van Nostrand Reinhold, New

York, 1967. pp. 72–76.

[13] L.-C. Xu, Z.-Y. Li, T.-J. He, F.-Ch. Liu, D.-M. Chen, Chem. Phys. 305

(2004) 165.


	A theoretical study of aromaticity in 1,2-diaza and 1,2-diphospha-cyclooctatetraenes and their role as ligands in organometallic compounds
	Introduction
	Computational details
	Results and discussion
	Conclusions
	References


