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High-level density functional theory computations have been used to estimate the gas-phase proton
affinities of the complete series of 1,8-chalcogen-bridged naphthalene derivatives. Our estimates show the
1,8-naphthalenediylbis(oxy) to be an oxygen base as strong as the so-called proton sponges. All the remaining
chalcogen-bridged naphthalene derivatives are predicted to be among the strongest known carbon bases in the
gas phase, the para carbon with respect to the most electronegative chalcogen atom being the most basic site.
This enhanced basicity reflects the electron-donating ability of sulfur, selenium and tellurium, and the
aromatization of the five-membered ring in the protonated form. Protonation at the heteroatoms is always
disfavored with respect to ring protonation, but the energy gap between the carbon-protonated and chalcogen-
protonated species decreases significantly on going from sulfur to tellurium derivatives. When the two
chalcogen atoms involved are different the basicity of the system is controlled by the amount of charge transfer
from the less electronegative chalcogen atom to the most electronegative one through the X–Y bond. This effect
is maximum in OTe, which accordingly becomes the strongest base of the whole series.

A great deal of attention has been paid very recently to chalco-
gen derivatives, in particular those containing Se and Te,
because they present interesting peculiarities from the struc-
tural and the reactivity points of view associated with their
capacity to yield weak non-bonded interactions with atoms
having lone pairs of electrons.1–10 These stabilizing chalco-
gen-chalcogen interactions were characterized in a pioneering
work by Minyaev and Minkin3 for the particular case of unsa-
turated aldehydes, where the interaction involves X!Y
(X ¼ O, S; Y ¼ Se, Te) dative bonds. These nonbonded inter-
actions are not exclusive of chalcogen-chalcogen interactions,
but have been also observed when the donor is either a nitro-
gen or a fluorine atom2,5,9 and the acceptor is Se. Also
importantly, we have recently showed11 that these chalcogen-
chalcogen interactions play a crucial role in the gas-phase
reactivity of the system, because the change in the interaction
strength upon going from the neutral toward the protonated
or the unprotonated system modulates the intrinsic basicity
and/or acidity of the molecule.
The extreme case, as far as the strength of the chalcogen-

chalcogen interaction is concerned, is represented by some
derivatives of naphthalene and tetracene, where a truly cova-
lent chalcogen-chalcogen bond is formed. These chalcogen-
bridged derivatives, in particular the 1,8-chalcogen-bridged
naphthalenes (see Scheme 1), have attracted considerable
attention12–19 because they are good electron donors, good
reactants in organic synthesis and because some of them exhi-
bit interesting photochemical properties and antiviral activi-
ty,20,21among other things. In spite of this, very little is
known on their reactivity. Indeed, to the best of our knowledge
neither experimental nor theoretical values of their intrinsic
basicities or acidities have been reported in the literature so

far, and we are only aware of a theoretical study of the gas-
phase basicity of the 1,8-naphthalenediol dianion.22

The aim of this paper is to investigate, by means of high-
level density functional theory calculations, the effect of the
chalcogen-chalcogen bridge on the intrinsic basicity of the sys-
tem, and, at the same time, the effects that protonation can
have on the strength of the chalcogen-chalcogen bond, using
the 1,8-chalcogen-bridged naphthalenes as suitable model sys-
tems. Very likely, as it is the case with phenols and thiophe-
nols, these systems would protonate on the aromatic ring,
but the goal of our study is not only to establish which is the
most basic site in these compounds, but also whether chalco-
gen protonation can compete with carbon protonation. As a
matter of fact, upon chalcogen protonation a competition
between structures stabilized by the formation of intramolecu-
lar hydrogen bonds (conformers a and b in Scheme 2) and
structures stabilized by non-bonded chalcogen-chalcogen
interactions (conformers c and d in Scheme 2) are possible.

y Electronic supplementary information (ESI) available: the optimized
geometries (in Cartesian coordinates) of the neutral and protonated
forms of 1,8-chalcogen-bridged naphthalenes with X, Y ¼ O, S, Se
and Te. See http://www.rsc.org/suppdata/nj/b2/b205601a/

Scheme 1

Scheme 2
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A study of the relative stability of these forms and how this
stability depends on the nature of the chalcogen atom might
provide further insight into the nature of the chalcogen-chalco-
gen interactions.

Computational details

The structures, harmonic vibrational frequencies and total
energies of the different neutral and protonated forms of the
compounds under investigation were evaluated through the
use of the B3LYP approach. This method combines Becke’s
three-parameter nonlocal hybrid exchange potential23 with
the nonlocal correlation functional of Lee, Yang and Parr.24

In general, geometries obtained using the aforementioned
DFT method are in fairly good agreement with experimental
values25–32 and the harmonic vibrational frequencies are closer
to experiment than those obtained by using other correlated
methods such as the MP2 formalism.33,34 Furthermore, we
have shown previously10 for other chalcogen derivatives that
this approach yields results in good agreement with those
obtained by means of G2(MP2) ab initio calculations, but at
a much lower cost.
For oxygen and sulfur we have used a 6-31G(d) basis set

expansion both for geometry optimizations and for the evalua-
tion of the harmonic vibrational frequencies. The final energies
were obtained using a much more extended 6-311+G(3df,2p)
basis set. The corresponding basis sets for Se-containing com-
pounds are those reported by Curtiss et al.35

For Te we have used the SKBJ relativistic potential of
Stevens et al.,36, which accounts for the most important rela-
tivistic effects. For geometry optimizations and harmonic
frequency calculations this effective core potential was used
together with the [4,1]+d basis set described in ref. 10 for
Te, together with a 6-31G(d) basis set for first-, second- and
third-row atoms. Hereafter, for the sake of simplicity we will
refer to this basis set as 6-31G(d). The corresponding final
energies were evaluated using for Te the (6s,6p,3d,1f) basis
set developed in a previous paper10 and a 6-311+G(3df,2p)
basis set expansion for the remaining atoms of the system.
Again, for the sake of simplicity the (6s,6p,3d,1f) basis set
for Te will be referred to hereafter as a 6-311+G(3df,2p) basis.
The zero point energy (ZPE) corrections were scaled by the

empirical factor 0.98, proposed by Scott and Radom.37 The
values of the nucleus-independent chemical shifts (NICS)38,39

were obtained using the same basis set expansion as that
employed to calculate the final energies. All these calculations
have been carried out with the Gaussian-98 suite of
programs.40

The bonding characteristics of the different tautomers were
analyzed by using the atoms-in-molecules (AIM) theory of
Bader,41 which is based on a topological analysis of the elec-
tron charge density. Hence, we have located the different bond
critical points because the charge density at these points is a
good indication of the strength of the linkage. We have also
located some relevant ring critical points. The net charges were
calculated using the natural bond order (NBO) analysis of
Weihnhold et al.42 This method was also employed to estimate
the intramolecular attractive orbital interactions that would
be responsible for the stability of c- and d-type structures
(Scheme 2).

Results and discussion

We have investigated all neutral and all possible protonated
species. This amounts to a total of 106 different structures.
In order to make the presentation of our results more systema-
tic, the following nomenclature will be adopted. The different
neutral compounds will be identified by the two chalcogen

atoms involved, XY, where X will be systematically the more
electronegative of the two. Although we have investigated pro-
tonation at all possible sites of the ring, in our discussion we
shall concentrate our attention only on the most stable ones,
which correspond to protonation at the ortho, meta and para
positions with respect to the heteroatom. These forms will be
identified by adding o, m and p, respectively, to the acronym
of the corresponding neutral. When X 6¼Y, there are two
non-equivalent ortho, meta and para protonated forms, which
will be distinguished by adding a prime when protonation
takes place ortho, meta or para with respect to the less electro-
negative chalcogen atom (see Scheme 3).
As mentioned above, protonation at the heteroatom can

lead to conformers having an intramolecular hydrogen bond
(a and b in Scheme 2). When X 6¼Y the most stable intramole-
cular hydrogen bond is formed when protonation takes place
on the most electronegative chalcogen atom, so in what fol-
lows only those conformers (a-type) will be discussed and they
will be identified by adding hb to the acronym of the neutral.
Similarly, the most stable protonated form exhibiting a chalco-
gen-chalcogen interaction corresponds systematically to that
protonated at the less electronegative chalcogen atom. There-
fore, only those conformers (d-type) will be considered in
our discussion and they will be named by adding cc to the
acronym of the neutral (see Scheme 2).

Bonding and proton affinity of systems in which X ¼ Y

The optimized geometries of the neutral and protonated forms
of those compounds in which X ¼ Y are given as electronic
supplementary information (ESI). The corresponding total
energies, ZPE, relative energies and proton affinities are sum-
marized in Table 1.
Although a detailed discussion of the structure of the neutral

compounds is not the aim of this paper, it should be pointed
out that for all peri-bridged naphthalenes studied, with the
only exception being the OO derivative, the system exhibits
a tricyclic structure with a covalent X–X bond. For the
oxygen-containing compound this tricyclic structure, with an
O–O distance of 1.500 Å, was found to also be a local mini-
mum of the potential energy surface (OO0), but it lies 64 kJ
mol�1 above the diketone-like structure OO. Conversely, for
the sulfur-containing compound, the diketone-like structure
(SS0), which is also a local minimum of the potential energy
surface with an S–S distance of 3.183 Å, was found to lie
54 kJ mol�1 above the tricyclic derivative SS. In what follows
we shall refer exclusively to the most stable conformers OO
and SS, respectively.
The first conspicuous result in Table 1 is that all the peri-

bridged naphthalenes investigated, with the exception of the
OO derivative, behave as carbon bases in the gas phase, the
para carbon atom being systematically the most basic site
of the system. Conversely, 1,8-naphthalenediylbis(oxy), OO,

Scheme 3
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behaves as an oxygen base. This can be understood if one takes
into account that in contrast with the S-, Se- and Te-containing
analogs, this neutral system has a diketone-like structure, so
that the six-membered rings are not strictly aromatic. In fact,
the C–O distances in the neutral system (1.239 Å) correspond
to typical C=O bonds, rather than to C–O linkages, and no
bond critical point is found between both oxygen atoms. Con-
versely, for X ¼ S, Se, Te, the C–X distances (1.779, 1.911,
2.227 Å, respectively) correspond typically to single carbon–
chalcogen bonds and there is a bond critical point between
both chalcogen atoms. The formation of the corresponding
five-membered ring is also confirmed by the existence of a ring
critical point. It is also worth mentioning that both the X–X
distance and the charge density at the corresponding bond cri-
tical points in these compounds are rather close to those calcu-
lated, at the same level of theory, for the corresponding X2H2

dihydride derivatives (see Table 2), ratifying the existence of a
normal X–X covalent linkage. It is interesting to note that only
for the TeTe derivative is the X–X bond length shorter in the
peri-bridged naphthalene derivative than in the corresponding
HTe–TeH dihydride. The reason is that while for S and Se
derivatives the C1–C8 distance (�2.5 Å) is longer than a typi-
cal X–X bond, for the Te derivatives is the other way around,
and this constrains the Te–Te bond to be shorter.
It is also important to note that OO behaves as a quite

strong oxygen base in the gas phase. Indeed, the intrinsic basi-
city of this compound (1012 kJ mol�1) is much higher than

other strong carbonyl bases such as cyclohexanone (857 kJ
mol�1)43 or [(CH3)2N]2C=O (925 kJ mol�1)43 and identical
to the experimental value reported for the so-called proton
sponge (N,N,N0N0-tetramethyl-1,8-naphthalenediamine).43

The enhanced basicity of OO is due to two concomitant
effects: on the one hand, zwitterionic forms such as those
shown in Scheme 4 contribute significantly to the stability of
this diketone-like compound and secondly, the protonated spe-
cies is significantly stabilized through the formation of an
intramolecular hydrogen bond (form a in Scheme 2). The for-
mer effect is consistent with the rather low intrinsic basicity of
the para carbon atom (see Table 1), and with the fact that the
C2–C3 and C6–C7 bonds are significantly shorter than the
other C–C bonds of the rings. Also consistently the para car-
bon atom has the smallest charge density. The second effect
is mirrored in the much lower stability of the cc conformer
where the intramolecular hydrogen bond is replaced by an
oxygen lone pair interaction (see Table 1).
As far as S, Se and Te derivatives are concerned our results

indicate that the intrinsic basicity of the system follows the
opposite trend to the electronegativity of the heteroatom.
Hence, the tellurium derivative is the most basic one, whereas
sulfur- and selenium-containing compounds have rather simi-
lar basicities. Indeed, our calculations show that Te transfers
more electronic charge than S or Se to the aromatic ring,
increasing its electron donor capacity. Also interestingly, the
gap between para and ortho proton affinities increases as the
electronegativity of the heteroatom decreases. In all cases, as
expected, protonation at the meta position is the least favor-
able process.
Our results predict all these compounds to be quite strong

carbon bases in the gas phase. As a matter of fact, the
naphthalene ring of these peri-bridged compounds exhibits a
basicity that is 72–92 kJ mol�1 higher than that of the unsub-
stituted parent compound (PA ¼ 815 kJ mol�1)43 and 61–70
kJ mol�1 higher than that of its monomethyl derivative
(PA ¼ 837 kJ mol�1).43 Indeed, all of them are predicted to
be among the strongest known carbon bases, being much
stronger than acenaphthene (PA ¼ 851 kJ mol�1)43 or hexa-
methylbenzene (PA ¼ 867 kJ mol�1),43 and as strong as
carbenes such as 1,5,5-trimethylenecylcohexene (PA ¼ 904
kJ mol�1).43

Table 1 Total energy (E, hartrees), zero point energy (ZPE, hartrees),
relative energy (DE, kJ mol�1), and proton affinities (PA, kJ mol�1) of
chalcogen bridged naphthalene derivatives (X ¼ Y)

E ZPE DE PA

X ¼ O

OOa �535.22230 0.13103 0

OO0 �535.20031 0.13336 64

OOo �535.53726 0.14203 207 804

OOm �535.49341 0.14015 318 694

OOp �535.53869 0.14250 205 807

OOhb �535.61951 0.14521 0 1012

OOcc �535.60376 0.14468 40 972

X ¼ S

SSb �1181.25592 0.12889 0

SS0 �1181.16957 0.12858 54

SSo �1181.60320 0.14082 11 886

SSm �1181.56582 0.13896 104 793

SSp �1181.60738 0.14079 0 897

SShb �1181.54909 0.13701 143 754

SScc �1181.55187 0.13808 139 759

X ¼ Se

SeSe �5187.92806 0.12825 –

SeSeo �5188.27302 0.13960 12 882

SeSem �5188.23968 0.13817 97 798

SeSep �5188.27807 0.13976 0 895

SeSehb �5188.20914 0.13336 164 730

SeSecc �5188.24863 0.13736 71 824

X ¼ Te

TeTe �399.75890 0.12590

TeTeo �400.10636 0.13711 17 889

TeTem �400.07576 0.13592 94 811

TeTep �400.11291 0.13718 0 906

TeTehbc – – – –

TeTecc �400.10044 0.13333 23 883

a OO is the global minimum and corresponds to a diketone-like struc-

ture, whereas OO0 designates the corresponding tricyclic structure.
b SS is the global minimum and corresponds to a tricyclic species,

whereas SS0 designates the corresponding diketone-like structure.
c This conformer does not exist as it collapses without activation bar-

rier to the TeTecc form.

Scheme 4

Table 2 X–Y bond distances (R, Å) and charge density at the bond
critical point (r, e au�3) for HX–YH compounds and chalcogen-
bridged naphthalenes

HX–YH

Bond R r R r

S–S 2.098 0.134 2.133 0.127

Se–Se 2.343 0.102 2.371 0.099

Te–Te 2.963 0.051 2.927 0.057

O–S 1.695 0.180 1.736 0.169

O–Se 1.828 0.144 1.866 0.134

O–Te 2.065 0.049 2.079 0.048

New J. Chem., 2002, 26, 1747–1752 1749



This enhanced basicity reflects the ability of these chalcogen
atoms to transfer electronic charge to the aromatic ring, which
becomes an electron-rich system. In fact, an NBO analysis
shows that this charge transfer is already significant for sulfur
(0.24 electrons per ring), and quite large for tellurium. (0.47
electrons per ring). There is a second factor, associated with
the aromatization of the five-membered ring, that also contri-
butes to stabilize the protonated forms. Indeed, protonation at
the para position leads systematically to a significant shorten-
ing of both the C–X and the X–X bonds (about 0.07 and 0.04
Å, respectively). This seems to indicate that protonation on the
para carbon atom induces a certain aromatization of the five-
membered ring through the contribution of mesomeric forms
such as those showed in Scheme 5.
This effect is nicely reflected in an increase of the charge den-

sity at the corresponding ring critical point (see Table 3).
Furthermore, the nucleus-independent chemical shift (NICS)
evaluated at this ring critical point is in all cases larger than
that estimated for benzene at the same level of theory, ratifying
the significant aromatic character of the five-membered ring
in the protonated species. Also the X–X stretching frequency
(507 cm�1 for S, 295 cm�1 for Se and 195 cm�1 for Te) appears
blue-shifted in the protonated species with regards to the neu-
tral form. This shift is of 2% for S, 3% for Se and 4% for Te.
The C–X stretching frequencies (911 and 995 cm�1 for S, 876
and 979 cm�1 for Se, 841 and 958 cm�1 for Te) appear as sym-
metric and asymmetric combinations, and are also slightly
shifted to higher frequencies.
It can be also observed that protonation at the heteroatom is

always disfavored with respect to ring protonation, and that
the relative stability of the XXcc conformer increases, in rela-
tive terms, on going from S to Te. Indeed, for the sulfur deri-
vative the XXhb form is predicted to be only slightly less stable
than the XXcc one, while it does not exist for the Te-containing
compound. The most important consequence is that the energy
gap between XXp and XXcc forms drastically decreases down
the group (see Table 1). Actually, while for the sulfur-contain-
ing compound this gap is 139 kJ mol�1, for the Te derivative
it is only 23 kJ mol�1. Concomitantly, a reinforcement of the
X–X bond is observed, which is maximum for the Te derivative.
This seems to indicate that a non-bonded chalcogen-chalcogen
interaction similar to those described for b-chalcogenovinyl-
aldehydes10 and other chalcogen derivatives3,17 is taking place in
the protonated forms. Indeed, the formation of the new X–H
linkage favors a dative interaction from the lone pairs of the
unprotonated chalcogen atom towards the s*XH antibonding
molecular orbital, which reinforces the X–X bond. Similarly

to what was found for other chalcogen derivatives,3,10,11 these
kinds of non-bonded interactions are maximum when the
acceptor is a Te–H group. In fact, a second-order NBO analy-
sis indicates that for TeTep the corresponding orbital interac-
tion energy amounts to 88 kJ mol�1, while for SSp and SeSep
it is three to five times smaller.

Bonding and proton affinity of systems in which X 6¼Y

The optimized geometries of the neutral and protonated forms
of those compounds in which X 6¼Y are given as ESI. Total
energies, relative energies and proton affinities of the 1-,8-chal-
cogen bridged naphthalenes in which X 6¼Y are summarized in
Table 4.
It is important to realize that, in contrast with the OO com-

pound, neither the OS nor OSe or OTe derivatives behave as
oxygen bases. Therefore, all these compounds, without any
exception, behave as carbon bases in the gas phase. This is
so because as soon as one of the oxygen atoms in OO is
replaced by another chalcogen atom a new O–X (X ¼ S, Se
or Te) bond is formed. The existence of a bond critical point
associated with the O–Y linkage confirms the formation of this
oxygen–chalcogen linkage (see Table 2). Furthermore, the
charge density at this bond critical point and the bond length
are rather similar to those predicted, at the same level of the-
ory, for the HO–YH dihydrides (see Table 2). Hence, in no
case does the oxygen form a ketone structure, the C–O bond
length (�1.37 Å) being typical of a single bond. The main con-
sequence is that the aromatic ring becomes activated and pro-
tonation takes place preferentially on the carbon atom that is
para with respect to the most electronegative chalcogen atom
(see Table 4). It can be also observed that for oxygen-contain-
ing compounds the intrinsic basicity of the system increases as
the electronegativity of the second chalcogen atoms decreases.
Therefore, OTe is the most basic compound of the whole ser-
ies. Consistently, among the sulfur derivatives STe is more
basic than SSe. Concomitantly, the energy gap between XYp
and XYp0 protonated species increases as the electronegativity
of Y decreases.
All these findings have a common origin. Let us consider as

suitable model systems the oxygen derivatives, OY. In all these
compounds oxygen is bound to a less electronegative atom, so
that the O�d�Y+d polarity of the OY bond is always sizably
large. The obvious consequence is that oxygen becomes an
excessive-electron atom that significantly activates the aro-
matic ring to which it is attached. In fact, it must be remem-
bered that in the extreme situation we would have an O�,
which is the most activating substituent, combining a large
electron-donating inductive effect with a conjugation effect.
When the partner in the OY bond is tellurium we are close
to this limiting situation, the estimated NBO charge at the oxy-
gen being �0.83, and therefore the basicity of the aromatic
ring is also at a maximum. Consistently, the Te atom becomes
electron-poor, and therefore its electron-donating capacity is
drastically reduced, explaining that protonation at the corre-
sponding para position is 25 kJ mol�1 less favorable. As a con-
sequence of this effect, for Se and Te derivatives the stability of
structures OYo and OYp0 appears reversed. Actually, with the
sole exceptions of the OSe and OTe derivatives, the relative
stability of the protonated forms follows the sequence XYp >
XYp0 > XYo. Similar effects, but quantitatively smaller, are
observed for S-containing derivatives.
Also, when X 6¼Y aromatization of the five-membered ring

triggered by protonation contributes to enhance the basicity of
these compounds. As it was found for those derivatives in
which X ¼ Y, there is a clear increase of the charge density
at the ring critical point on going from the neutral to the pro-
tonated species, and also protonation at the heteroatoms is
clearly disfavored.

Scheme 5

Table 3 Charge density (r, e au�3) at the ring critical point of the five-
membered ring of chalcogen-bridged naphthalenes and the NICSa

(ppm) evaluated at that point

r
NICSb

Compound Neutral Protonated Protonated

SS 0.0248 0.0272 9.9

SeSe 0.0206 0.0224 10.1

TeTe 0.0149 0.0161 10.4

a Evaluated at the B3LYP/6-311+G(3df,2p) level of theory. b For

benzene, at the same level of accuracy, the calculated NIST is 7.9 ppm.
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Conclusions

We have shown that chalcogen-bridged naphthalene deriva-
tives are quite strong bases in the gas phase. The 1,8-naphtha-
lenediylbis(oxy) is predicted to be an oxygen base as strong as

the so-called proton sponges. The remaining peri-bridged chal-
cogen derivatives are systematically carbon bases, the para car-
bon with respect to the most electronegative chalcogen atom
being the most basic site. Protonation at the heteroatoms is
always disfavored with respect to ring protonation, but the
energy gap between the corresponding protonated species
decreases significantly on going from sulfur to tellurium deri-
vatives, because for Te there is a significant reinforcement of
the chalcogen-chalcogen bond upon Te-protonation.
All chalcogen-bridged naphthalene derivatives are predicted

to be among the strongest known carbon bases in the gas
phase. Two reasons are responsible for their enhanced basicity,
the electron-donating ability of sulfur, selenium and tellurium,
and the aromatization of the five-membered ring in the proto-
nated form.
When the two chalcogen atoms involved are different the

basicity of the system is controlled by the amount of charge
transfer from the less electronegative atom to the most electro-
negative one through the X–Y bond. This effect is at a maxi-
mum in OTe, which accordingly becomes the strongest base
of the whole series.

Acknowledgements

This work has been partially supported by the D.G.I. Project
No. BQU2000-0245. A generous allocation of computational
time at the CCC of the Universidad Autónoma de Madrid is
gratefully acknowledged. We thank one of our referees for
pointing out to us that for the oxygen-oxygen derivative a cyc-
lic structure exists as a local minimum of the potential energy
surface, whereas for the sulfur-sulfur one a betaine-like form
also exists.

References

1 M. H. Coonan, I. E. Craven, M. R. Hesling, G. L. D. Ritchie and
M. A. Spackman, J. Phys. Chem., 1992, 96, 7301.

2 M. Iwaoka and S. Tomoda, J. Am. Chem. Soc., 1996, 118, 8077.
3 R. M. Minyaev and V. I. Minkin, Can. J. Chem., 1998, 76, 776.
4 J. A. Dobado, H. Martı́nez-Garcı́a, J. Molina and M. R.

Sundberg, J. Am. Chem. Soc., 1999, 121, 3156.
5 H. Komatsu, M. Iwaoka and S. Tomoda, Chem. Commun., 1999,

205.
6 P. D. Boyle, W. I. Cross, S. M. Godfrey, C. A. McAuliffe, R. G.

Pritchard and S. Teat, J. Chem. Soc., Dalton Trans., 1999, 2219.
7 V. I. Minkin and R. M. Minyaev, Chem. Rev., 2001, 101, 1247.
8 H. Fleischer, B. Mathiasch and D. Schollmeyer, Organometallics,

2002, 21, 526.
9 M. Iwaoka, H. Komatsu, T. Katsuda and S. Tomoda, J. Am.

Chem. Soc., 2002, 124, 1902.
10 P. Sanz, O. Mo and M. Yáñez, J. Phys. Chem. A, 2002, 106, 4661.
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