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2 and 5 deserve some comments. In both complexes, the palladium
atoms are not directly bonded to each others through Pd~Pd bonds
but linked by bridging ligands. Whereas the five-electron donor
ligands u;-OH in 2 and u,;-Cl in 5 are of a conventional type, the
u3-[Ph,PCHC(O)OC,H;] and u3-[Mo(CO);Cp] bridges also have
to be described as five-electron donors in order to account for the
structures of 2 and 5 involving three square-planar Pd(II) centers.
Although this bonding mode could be predicted in the former case,
and is easily rationalized with localized two-electron~two-center
bonds, it was not so in the latter case. Indeed, 5a is the only
example known of such a bonding situation for the organometallic
fragment Mo(CO),Cp. The question remains open as to what
extent the electrons from the three carbonyls and the d electrons
from the molybdenum are involved in the bonding of the Mo-
(CO);Cp fragment to the three Pd(II) centers.
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a vs. 8 protonation of five-membered rings has been the subject
of considerable attention,'® in particular regarding pyrrole and
its derivatives. It is well established, at least in solution, that
electrophilic substitution of these compounds takes place pre-
dominantely at the a position, ! although all theoretical calcu-
lations,” both at the semiempirical and the “ab initio” levels, assign
a larger electronic charge to the 8 than to the « position.
Moreover, the corresponding molecular electrostatic potentials®
indicate a favorable 8 attachment, and as a consequence, some
complicated mechanisms involving a simultaneous bending of the
C.H and the NH bonds out of the molecular plane or the behavior
of the nitrogen atom as a charge transducer have been proposed?
to explain the predominance of the a substitution in pyrrole.

It is worth noting however that when this five-membered ring
is fused to a six-membered one, as in indole, both the experimental
evidences® and the theoretical calculations® indicate that C, (8
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Figure 1. Experimental PA vs. calculated protonation energies.

position) is the most reactive center toward electrophilic reagents.

We aim at showing, in this paper, that this question can be
clarified from a theoretical point of view.

First, it must be indicated that the different theoretical ap-
proaches reported in the literature to evaluate proton affinities
or to predict preferred protonation sites can be classified in two
different categories: those that would furnish information on the
most active center for kinetically controlled processes and those
that would indicate which protonated species is thermodynamically
the most stable.

It is well-known that (a) the molecular electrostatic potentials
or (b) the linear correlation between gas-phase proton affinities
(PA) and 1s binding energies!® (or 1s “ab initio” orbital energies?)
provides, in general, good tools to predict the preferred protonation
site of a given compound. However, it must be taken into account
that, for instance, the molecular electrostatic potential furnished
information on the most favorable approaching path to the isolated
molecule of a unit positive charge, but the corresponding sub-
stitution does not lead necessarily to the most stable isomer.
Similarly, procedure b yields the intrinsic basicity of a given center
of the isolated molecule, but quite frequently protonation induces
dramatic changes in both the structure and the charge distribution
of the system. As a consequence, not always does protonation
on the most basic center lead to the most stable protonated form.
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Table I. 1s Orbital Energies (au) for the o and g8 Positions
ot Pyrrole, Indole, and Cyclopentadiene

Cq Cg
pyrrole -11.0387 ~-10.992
indole ~11.0646 -10.998
cyclopentadiene -11.0104 ~-11.013

One can conclude, therefore, that these approaches must be in-
cluded in the first category indicated above (kinetically controlled
processes).

Obviously, among the procedures to be included in the second
category, the simplest one would be, in principle, to evaluate the
energy of the different protonated forms. However, this magnitude
is basis-set dependent, and only if one employs a very large basis
set, including polarization and correlation effects,!! can one have
some confidence on the reliability of the energy obtained. Un-
fortunately, for molecules as big as pyrrole and indole, such
calculations are unfeasible. A possible alternative would be to
obtain a linear correlation between the calculated protonation
energy (AE,), defined as the energy difference between the
protonated and the nonprotonated forms, and the measured
gas-phase proton affinity. Since we aim at comparing C, vs. C;
protonation of the compounds under study, we have selected for
this purpose a set of compounds—benzene (1), naphthalene (2),
azulene (3), and cyclopentadiene (4)—that are carbon basis and
whose gas-phase PA’s have been measured with high accuracy.!?
To have confidence on the goodness of the corresponding linear
relationship, the calculated protonation energy was obtained using
INDO fully optimized geometries, conveniently scaled as indicated
elsewhere.” All ab initio calculations were performed using a
STO-3G minimal basis set.

The linear correlation obtained (see Figure 1) obeys the equation

PA = -0.5724E, + 52.5 r? = 0.999

(1)
OpA™« 0.5 kcal/mol
When eq 1 is used to predict the gas-phase PA’s of pyrrole, for
a and @3 protonation, the values obtained are 208.9 with and 205.2
kcal/mol, respectively. The first value is identical with the ex-
perimental one,!?€ and the second one is only a little smaller than
the lower limit proposed by Houriet et al.,* from thermodynamic
data obtained in a ion cyclotron double-resonance experiment.

The values obtained for indole (202.1 kcal/mol for « proton-
ation and 207.1 kcal/mol for 8 protonation) indicate that, in
contrast with pyrrole, in this particular case the 3-protonated form
is more stable than the a-protonated one.

If one considers now the C, orbital energies of the « and 8
positions (see Table I), it is evident that, in pyrrole, Cg is the most
basic center and therefore the one that should undergo protonation
in a process where conditions favor a kinetic control. This the-
oretical result is in agreement with the conclusion of Angelini et
al.%¢ who have shown, by means of a kinetic analysis of gas-phase
electrophilic substitutions of pyrrole by CH;-F-CH;*, HeT*, and
t-C,Hq* ions, that formation of the $-substituted compound
predominates under all experimental conditions. Besides, the
subsequent isomerization of the resulting excited intermediates
to the thermodynamically more stable a-protonated form proposed
by these authors is also in agreement with our previous discussion.

The values obtained for indole indicate also that the 8 position
is the preferred protonation site from a kinetic point of view.
Therefore one can conclude that (a) if the pyrrolic ring is either
isolated or fused to a six-membered one protonation should take
place on the 3 position and (b) in indole the corresponding pro-
tonated form is also the most stable one from a thermodynamic
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point of view, while in pyrrole the a-protonated isomer is more
stable than the 8-protonated one. Consequently, in the latter case
a subsequent isomerization involving a C4~C, proton shift might
take place. The different behavior predicted for these two com-
pounds is easily explained. In indole (and related systems) charge
migrations between the six- and the five-membered rings®!® and
polarizability effects!* (both absent in pyrrole) contribute to extra
stabilize the 8-protonated form.

Finally, it must be noted that the other five-membered ring,
cyclopentadiene, fits eq 1 very well when o protonation is assumed,
indicating that, as in pyrrole, the a-protonated form is the most
stable one. However, in contrast with pyrrole and indole, the
kinetic protonation of cyclopentadiene must take place at C,, which
is the position that exhibits a higher 1s orbital energy (see Table
I). This is a consequence of substituting an NH by a CH, group
within the ring, which affects the charge distribution of the system.
To confirm this point, we have obtained the charge distribution
of this molecule using the YSP population analysis!>!® which, as
it has been shown elsewhere!” , reproduces well the inductive effects
of alkyl substituents and is practically unsensitive!” to the basis
set used to expand the corresponding wave function. Our results
indicate that, in contrast with pyrrole and indole, C, in cyclo-
pentadiene is not only the center with the higher intrinsic basicity
but also the one that presents a higher electronic density.
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Cyclodextrins provide a unique environment for organic com-
pounds in aqueous media and are known to promote a variety of
organic reactions.!? The complexing of two chromophores with
cyclodextrins has been demonstrated by excimer emission with
naphthalene or pyrene by both intermolecular and intramolecular
probes.””7 Hamai recently reported the formation of an electron
donor—acceptor complex consisting of 2-methoxynaphthalene,
o-dicyanobenzene, and 8-cyclodextrin in a molar ratio of 1:1:2
on the basis of its absorption and emission spectra and suggested
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