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Abstract. We show in this paper using HF and MP2 ab initio calcu-
lations that the ring closure of 5 generates an intermediate best des-
cribed as the closed-shell cyclic allene 6a, instead of the usually assu-
med diradical nature reported in the literature. This intermediate then
gives rise to the formation of 7. The closed-shell cyclic allene nature
of the lowest-lying singlet was confirmed using CASSCF calcula-
tions.
Keywords: cyclic allene, Hartree-Fock, MP2, CASSCF, benzoquino-
nes.

Resúmen. Utilizando cálculos HF y MP2 ab initio, demostramos que
la reacción de ciclización de 5 genera un intermediario cuyas carac-
terísticas concuerdan con las de un aleno cíclico de capa cerrada 6a
en lugar de la usualmente aceptada naturaleza diradicálica reportada
en la literatura. Este intermediario, posteriormente da lugar a la for-
mación de las benzoquinonas 7. La naturaleza de aleno cíclico de
capa cerrada  fue confirmada con cálculos CASSCF.
Palabras clave: aleno cíclico, Hartree-Fock, MP2, CASSCF, benzo-
quinonas.

Introduction

Strained cyclic allenes have recieved considerable attention in
the literature regarding their bonding and reactivity [1]. Since
allenes in rings with less than nine members can not adopt
their preferred linear geometry, several structures have been
proposed for singlet 1,2-cyclohexadiene, suggesting that they
could exist as dipolar or diradical species [2].

We have recently reported [3] using Hartree-Fock Self
Consistent Field (HF) and single reference frozen-core second
order Möller-Plesset (MP2) ab initio calculations that the ring
closure of dienyne 1 generates an intermediate that can best be
described as the cyclic allene 2 and not the diradical form 3
(Scheme 1), in agreement with earlier literature reports in which
the cyclic allene 1,2-cyclohexadiene is favored over other
species [4].

In the light of the above result, we decided to analyze the
last step of the original Moore’s benzoquinone synthesis [5]
(Scheme 2) using ab initio calculations . The main goal of this
study is to characterize the nature of the intermediate obtained
by the ring closure of 5 as the diradical 6, as it has been postu-
lated in the past [6], or the cyclic allene 6a, in analogy with

our previous results. We present results concerning the lowest
singlet and triplet states since theses multiplicities characterize
the cyclic allene and the diradical species respectively.

Theoretical calculations

In order to achieve our goal, we performed HF, UHF and MP2
full geometry optimizations using the standard 6-31G** basis
of the Gaussian-94 program [7] on both structures 6 and, 6a
presented in Scheme 2 and on simpler models of these in
which the phenyl group is replaced by a hydrogen atom res-
pectively and referred to as structures 8 and 9. The triplet spe-
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cies were also calculated for the simpler models using unre-
stricted Hartree-Fock (UHF) and unrestricted Möller-Plesset
(UMP2) calculations. 

It must be said that an open-shell singlet state (the coun-
terpart of the lowest triplet state) must also exist and that we
have tried to obtain this state through UHF calculations start-
ing from the triplet state; however even though during the first
few SCF cycles the open-shell state was lower in energy, after
8 iterations the closed-shell singlet state turned out to be
favored. The stability of this closed-shell solution was tested
(including HF instabilities) by using the Stable=Opt option in
the G98 program. 

The most important result of these calculations is that the
strained cyclic allene structure 6a corresponds to the ground
state of the intermediate rather than the diradical 6. For struc-
ture 8 our UHF calculations predict a triplet ground state
which lies 27.15 kcal / mol below the optimized singlet struc-
ture, while at the UMP2 level the singlet is favored as the
ground state by 19.6 kcal / mol. These findings are in agree-
ment with the common observation that the HF description
favors the higher multiplicities but electron correlation effects
are larger for the closed-shell species and thus we expect that
higher level calculations will not modify the present results. It
is important to mention that for structure 9 we did not antici-
pate a low energy triplet state and in fact, our calculations pre-
dict a singlet ground state 18.9 kcal / mol below the triplet at
the UHF level and 81.0 kcal / mol at the UMP2 level. It is in-
teresting to know that correlation effects are crucial to obtain
reliable singlet-triplet energy gaps for these molecules. 

We are confident that the conclusions derived for the sim-
pler models 8 and 9 should hold for the actually synthesized
structure 7 derived from intermediate 6 or 6a since we have
performed HF and MP2 optimizations on the singlet states of

these latter molecules and have found that the presence of the
phenyl group has a very small effect on the geometry (i.e. the
internuclear distances between carbon atoms that define the
cyclic allene structure). This implies that in Scheme 1 the
reaction intermediate is a singlet cyclic allene and there is lit-
tle chance that the triplet diradical can play a role in the reac-
tivity of these systems. This is contrary to the usual assump-
tions made for these type of chemical reactions. The existence
of  diradical character has been found for structure 8 at the
UHF level for the triplet state by graphically analyzing the
spin density and it corresponds to the chemical drawing
depicted for structure 6 (without the phenyl group) in agree-
ment with chemist’s conventional wisdom. 

Structures

The analysis of the optimized geometries for structures 8 and
9 indicates significant differences depending on the level of
theory used and on the multiplicity of the state considered.
First we discuss the distinctive features of the allene moiety in
the singlet state using the molecular structures 8 and 9 of
Scheme 3. We must stress that the ground state singlet 8
turned out to be —as it was confirmed by the previously men-
tioned CASSCF calculations- the closed-shell cyclic allene
and that the diradical species 9 lie well above the cyclic
allene.

The conventional picture would propose three double
bonds linking atoms C2-C3, C3-C4 and C5-C6 and a single bond
between C4-C5 in the ring. However at the HF level structure 9
is better describes as structure 10 where the bond lengths C3-
C4 and C4-C5 are intermediate between a single and a double
bond (1.43 Å). The previously mentioned conventional picture
is reproduced at the MP2 level as can be seen in structure 8 of
Scheme 4. At both levels of theory we find that the six-mem-
bered ring is non-planar, it has a conformation which can be
described as ‘boat’ with carbon atoms C4 and C1 out of the
plane, the former being significantly more bent. 
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The final feature which we consider worth of mentioning
is the different orientation of the methoxy groups depending
on the level of calculation. At the HF level the methoxy group
linked to carbon C6 lies in the plane of the ring while the
methoxy linked to carbon C5 is facing downwards. Even
though we used this geometry as starting point for the MP2
optimization, the converged structure has the methoxy linked
to C5 planar and the other methoxy facing upwards. It should
be mentioned  here that we did not search for all possible sta-
ble conformers for these molecules.

The most striking features for the triplet state of structure
10 (Scheme 3) are that the six-membered ring becomes planar
and the C3-C4 and C4-C5 bond lengths (Scheme 5) change dra-
matically compared with the singlet state. 

At the HF level, structure 10, the C3-C4 distance is redu-
ced to a value intermediate between a single and a double
bond and a similar change is observed in the C4-C5 bond but
to a lesser extent. At the MP2 level, structure 11, the single or
double bond nature of the C3-C4 and C4-C5 bonds is the oppo-
site of what was found for the singlet state, i.e. , the C3-C4
bond is weakened while the C4-C5 bond becomes a double
bond. Comparing the quantitative geometrical data of the
structures in Scheme 4 and Scheme 5, we must conclude that
the HF description leads to completely unreliable results for
the cyclic allene (singlet) as well as for  the diradical (triplet)
species. Thus electronic correlation effects are crucial in des-
cribing these molecular systems

This type of molecules represent a true challenge for
modern quantum chemistry given the competition between
closed and open-shell structures (singlet as well as triplet
states) and their  size and stereochemical complexity. 

We are presently working on systematic description of
these molecules using a variety of ab initio and DFT methods
in analogy to the work which is currently being done on the
Myers-Saito and Schmittel cyclizations [8], cyclizations
which have also been the subject of several important recent
theoretical studies. However, one of the important differences
with our problem at hand is that the active electrons in these
structures are always found on carbon atoms, while in our in-
termediate molecule an oxygen atom linked to a six-membe-
red ring is involved.

In the newest and most complete study dealing with the
highly reactive nature of the diradicals involved in the Myers-
Saito and Schmittel cyclizations the emphasis is therefore put
only on the study of singlet and triplet open-shell species [8c].
However, if the main question is aimed at finding the most
stable structure of these type of molecules, we think that cru-
cial information is missing regarding the energetic position of
the closed-shell singlet structure, which was not envisaged in
that work. In fact, as was shown in a pioneering ab initio work
concerning the 1,2, cyclohexadiene by Schmidt et al. [9], it is
the closed-shell singlet structure the one which is favored over
the singlet open-shell diradical species. However we must
stress that the latter one can actually play a major role in the
reactivity of this molecule.

In order to give further support to our results and conclu-
sions, we have performed state-averaged CASSCF calcula-
tions on the two lowest roots for the singlet species, we found
that the lowest root corresponds to the closed -shell species, as
we had already shown. However, in order to obtain a more re-
liable energy difference between the closed-shell and the sin-
glet diradical, we tried to optimize the orbitals for the second
root aiming at state specific CASSCF calculation for the sin-
glet diradical (using the triplet biradical orbitals as starting
point). Unfortunately this was not possible as convergence
problems were found. Pursuing these calculations further
would be a very time consuming task and is out of the scope
of this work.

Conclusions

Our calculations show that the most stable intermediate in the
Moore benzoquinone synthesis is the cyclic allene 6a and not
the diradical 6. We have confirmed the presence of the diradi-
cal as a triplet at 19.6 Kcal / mol above the cyclic allene. We
have also observed very strong changes on the electronic
structure as the molecule passes from singlet to triplet nature,
this being based on  the fact that the lowest singlet is not relat-
ed to the two-open-shell diradical. Finally, there are also
strong effects (structurally and energetically) arising from the
non-dynamical electronic correlation on both, the allene and
the diradical which show the limitation of using single-config-
uration based methods on these systems.
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