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Abstract

In this work, we compute the relative probabilities of the different locations a model nucleophile may occupy on the molecular
surfaces of cyclopentadienyliron complexes of a series of substituted benzenes. To this end, we construct a Boltzmann probability
function evaluated at various positions along a formal molecular surface.

The results show that for the addition of a hydride ion to these organometallic complexes, the experimental product distribution
(regioselectivity) is a function of the changes of the classical statistical probability of the nucleophile to contact different regions of

the molecular surface.

A correlation is found between the experimental relative product yields and the theoretical relative Boltzmann probabilities of a
nucleophile attacking a given position on the reactant. The results provide a quantitative description of regioselectivity of the
nucleophilic additions, with electron-donating substituents favoring addition to the meta-position and electron-withdrawing

substituents favoring ortho-additions.

1. Introduction

The analysis of the regioselectivity of the nucle-
ophilic additions to organometallic complexes is of key
importance to organometallic chemistry [1-4].

Considerable amounts of experimental data are now
available on the regioselectivity of the nucleophilic
addition of hydride ion to cyclopentadienyliron (FeCp)
complexes of substituted benzenes, [C¢H;XFeCpl*,
[5-10). It has been found that the nature of the sub-
stituents influences the hydride addition. Electron-
donating substituents favor the addition at the meta-
position, whereas electron-withdrawing ones favor
ortho-addition. By contrast, there is no clear trend in
the orientation towards the para-addition.

An INDO treatment of the FeCp complexes of
toluene, anisole, and methylbenzoate was carried out

Correspondence to: Dr. P.G. Mezey.

0022-328X /93 /$6.00

by Clack and Kane-Maguire [11]. Their results suggest
that the product distribution cannot be deduced easily
from a simple study of charges on the molecule or on
the frontier orbitals. The authors propose some corre-
lations with other properties and characteristics of the
nucleophile, but their description does not account for
the actual values of regioselectivity. Some computa-
tional work has been done at semi-empirical and ab
initio levels for other metal-pentadienyl compounds
[12], but to our knowledge no further theoretical re-
search has dealt with the [C{HXFeCp]* species. In
this work, we propose a simple, alternative theoretical
approach to the study of regioselectivity in these com-
pounds.

A molecule can be treated as a three-dimensional
entity described by a formal molecular surface. The
study of molecular surfaces has found many applica-
tions in studying the chemical and biological activity of
molecules [13]. Molecular van der Waals surfaces
[14,15] (built up by fused atomic spheres) are well
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suited for studying regioselectivity of chemical reac-
tions. Recently, graphic displays of molecular surfaces
have been used as a theoretical tool for modeling
nucleophilic and electrophilic reactions in organome-
tallic chemistry [16]. Weber et al. [16] have placed a
model nucleophile or electrophile on molecular sur-
faces and displayed these surfaces on a computer screen
by colouring regions according to the total interaction
energies. As the positions for nucleophilic and elec-
trophilic attacks depend on the total interaction ener-
gies, these displays are quite useful in recognizing
reactive positions. In this work, we move a step further
and carry out a quantitative calculation of the distribu-
tion of the probability of a model nucleophile attacking
the molecular surfaces of cyclopentadienyliron com-
plexes of a series of substituted benzenes. Our proce-
dure uses notions from statistical mechanics in that we
consider a molecular surface as a formal, restricted
phase space on which Boltzmann probabilities can be
computed. From the practical point of view, we follow
an approach which parallels closely the simple compu-
tational framework of Weber er al. [16] for the analysis
of the reactivity in organometallic compounds.

2. The method and its practical implementation

According to statistical mechanics, the distribution
of particles in a closed system in thermal equilibrium is
given by the Boltzmann distribution [17]. Let ¢; be the
energy associated to a physical state i. Then, the prob-
ability P; of a particle to appear in such a state is given
by

e——e,-/kT
Pi‘_‘w <1 1
i

where k is the Boltzmann constant and T is the
absolute temperature. The sum in the denominator of
eqn. (1) is a partition function and it runs over all the
possible states in the system.

Similarly, one can define the probability P ;, of
the system to appear in any state with energies be-
tween ¢; and €, (with €;, >¢; ). In this case one has:
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From this equation, one can introduce the relative
probabilities corresponding to the ratio of the probabil-

ities of the system to appear in states associated to two
different ranges of energies. If these ranges are de-
fined by the indices [i,,i,] and [i;,i,], then
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These equations are completely general and they
describe the statistical behavior of a system comprising
an arbitrary number of particles and energy levels {e }.
In particular, they are valid for a system, defined over
some general phase space, with a single particle popu-
lating the energy levels {¢;}. The above model allows
one to introduce a Boltzmann probability measure that
is useful in the study of regioselectivity for organic
compounds.

In this work we are interested in modeling the
product distribution in the nucleophilic addition to
cyclopentadienyliron complexes of substituted ben-
zenes. For this case, the particle in our statistical
system is the model nucleophile. The phase space on
which the “energy levels” are defined will be the
accessible molecular surface [14,15]. This surface is the
one generated by the center of a model spherical
nucleophile being rolled on the van der Waals surface
of the complex [14,15]. When the nucleophilic sphere
(the “particle”) is placed at a point on the accessible
molecular surface, it is possible to associate an energy
€; with that point, i.e. the interaction energy between
the nucleophile and the molecule at this precise config-
uration. From these energies one can compute Boltz-
mann probability values and ranges, as shown above.

Our phase space (the accessible surface) is continu-
ous. Accordingly, the summation in eqn. (3) should be
replaced by an integral over the phase space. In other
words, the summations in eqns. (1)-(3) become surface
integrals. As a result, one can define probabilities
associated either with ranges of energies or with sec-
tions of the molecular surface. Several schemes of sur-
face partitioning can be followed [13]. Consider two
different regions of the molecular surface with areas
A, and A,. The ratio of probabilities P, and P, of
the model nucleophile appearing on these regions is
thus given by (cf. eqn. (3)):
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In eqn. (4), the integrals in the numerator and denomi-
nator are respectively over regions A4, and A, of the
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surface, r is a vector specifying the location of the
nucleophile on the surface, and da(r) is the differen-
tial of area at r.

In this study, we are interested in describing relative
product yields for nucleophilic additions to the cy-
clopentadienyliron complexes of a series of substituted
benzenes. To this end, we shall calculate the ratios
P,/P, of Boltzmann probabilities associated with the
ortho (P,) and meta (P,) positions on the substituted
benzenes. According to egn. (4), these probabilities P,
and P, can be evaluated by integrating on the regions

of the accessible surface generated by the atomic
spheres of ortho and meta carbons respectively. Note

that the areac aceaciated with sach cinole atom can bhe
that the areas associateag with €ach singic atom can pe

computed rigorously and the points on the surface
common to two or more atoms lie on spherical arcs
and thus do not contribute to the area.

The integrals eqn. (4), are computed numerically. As
we shall compare our results with relative product
distributions, we have only computed the ratio of prob-
abilities (eqn. 4). This saves one the computation of the
integral (or sum) in the denominator of eqn. (2), which
is over the whole molecular surface. This term, the
computationally more demanding, cancels out in the
ratio. The interaction energy e(r) is taken as an elec-
trostatic energy, which in a first approximation can be
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In eqn. (5), g, is the atomic charge on the atom i of the
complexes, g, is the charge of the model nucleophile,
D is the dielectric permittivity, and r; is the distance
between atom i and the model nucleophile. The sum-
mation runs over all atoms of the complex. Note that
e(r) changes only as a function of the point on the
atomic sphere touched by the nucleophile. In turn, the
changes in electrostatic potential e(r) over the exposed
atomic surface are the main effect on the actual P,
nrahahility valn
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The atomic charges associated with the atoms in the
iron onmnleyeq have been computed hv extended

Hiickel molecular orbital (EHMO) method [18]. We
have decided to use this method in order to follow an
approach in tune to the ones used to explore the
reactivity of organometallic compounds [16]. The charge
of the model nucleophile is taken as —0.242 a.u,,
which is the atomic charge of a H atom on the actual
nucleophile [BH,]-calculated with the RHF ab initio
method using the 6-31 G* basis set [19]. Other quan-
tum mechanicai meihods, other than EHMO, can of
course be used to compute charges. However, at pre-
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It must be mentioned that the EHMO atomic
charges alone do not account for the correct distribu-
tion of products, as was already found by using INDO
charges [11]. For example, EHMO charges would pre-
dict much larger yields for meta-derivatives than for
ortho-derivatives for the chloro-substituted benzene cy-
clopentadienyliron complex. The experimental result is
the other way around, as it would be expected from the
fact that Cl~ is a mostly electron-donating group. Simi-
iarly, EHMO charges do not predict the correct order
in the regioselectivity of derivatives of benzene cy-
clopentadinyliron complexes substituted by electron-
withdrawing groups. As we shall see below, where
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of attack seems to work. In this latter case, instead of
the point charges, one considers the overall electro-
static interaction with the charged molecular surface.
The solvent effect is approximately accounted for by
a distance-dependent dielectric permittivity. By adopt-
ing an approximation used in molecular dynamics [20],
we have taken D to be 1.0 when the carbon atom has a
direct contact with the model nucleophile, and 2r,
when the atom has no direct contact with the model
nucleophile (with 7, measured in A). In this work, we
shall not study the effect of changes in the dielectric
constant on the results, since we have so far experi-
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methoxyethane for all derivatives, except tetrahydrofu-
ran for the chloro-derivative, ref. 9).

For [C(HFeCpl**, we use the geometry estimated
by Clack and Kane-Maguire [11]. The geometries for
the substituents are estimated from average crystal
structures [21].

In generating the points of the phase space (the
accessible surface), the van der Waals radii for carbon,
hydrogen, oxygen, nitrogen, and chlorine have been
taken from ref. 22. For iron, we have taken into consid-
eration the experimeniai fact that the compiexes stud-
ied exhibit only exo-addition under nucleophilic attacks

by hydride, that is, the hydride ion always attacks the

complex from the “top” of the benzene ring [10]. Our

model. based on noint charees. is too simnle to exnlain
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all reactivity features. For this reason, we have con-
strained it to describe only €xo- addition. Accordingly,
we estimated a radius of 2.9 A so that the endo-face of
the surface of the carbon atoms in benzene is not
accessible to the hydride ion. The radius for the model
nucleophile sphere is taken as the van der Waals
radius of a hydrogen atom, 1.17A [22].

We have performed the EHMO calculations with
the program FORTICONS and the standard set of EHMO
parameters [18). For iron, we use a quadratic depen-
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elements of the Hamiltonian {H,}. For other atoms,
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i 1" 1: X=CN
O X 2: X =COOCH,
3 Xx=q
Fe 4: X=CH,
5. X=OCH,
| 1 & x=N(H,),

Fig. 1. Cyclopentadienyliron complexes studied. The six substituents
X considered are listed on the right-hand side. The regioselectivity of
the nucleophilic addition to these compounds is described in terms
of the relative location of the entrant group with respect to X (ortho
or meta).

the {H,} values are kept fixed. All integrals are calcu-
lated with a standard program.

As the experimental yields were obtained at room
temperature, we have used T=298 K in all calcula-
tions.

3. Correlation between theoretical and experimental
results

We have carried out a calculation of the relative
Boltzmann probabilities P,/P, for the cyclopentadi-
enyliron complexes of the six substituted benzenes
shown in Fig. 1.

These six complexes cover a wide range of values in
the relative product yields [9]. The ratio of the experi-
mental yields of the products of ortho-addition (Y,) to
those of meta-addition (Y,,) vary from Y, /Y, =21 to 0
when moving from the primarily electron-withdrawing
substituent CN to the predominantly electron-donating
substituent N(CH,), respectively.

Our main results are presented in Table 1. The
experimental relative yields Y, /Y,, are taken from pre-
vious work by one of us [9], where all reactions have
been measured under the same experimental condi-
tions. Table 1 compares these relative yields to the
ratio of Boltzmann probabilities, P,/P,,, of a nucle-

TABLE 1. Comparison between relative Boltzmann probabilities and
experimental relative ortho / meta product distributions for the nu-
cleophilic additions on cyclopentadienyliron complexes of substituted
benzenes

Complex Substituent Relative Relative product
probabilities distributions
(P,/F,) Y,/ Y,)

1 CN 8.89 21

2 COOCH, 21 79

3 Cl 1.32 4.5

4 CH, 0.343 13

5 OCH, 0.081 0.15

6 N(CH;), 0.056 0.0

YO/Y

Fig. 2. Correlation between experimental relative product yields for
the ortho- and meta-additions (Y, / Y,,) and the theoretical relative
Boltzmann probabilities of attack to the ortho and meta positions
(P, /P,) by a model nucleophile. [The numbers 1,2,3,4,5, and 6 in
the figure correspond to the substituents X labelled as in Fig. 1.
Note that the substituents 5 and 6 (OCH; and N(CH,), respec-
tively) are almost superimposed at the scale of the drawing. The ratio
Y, /Y, is smaller for X = N(CH,),.]

ophile attacking ortho and meta positions, respec-
tively. The results show that our approach can be used
successfully to model the regioselectivity of these addi-
tions. For the series of six substituents, the change in
theoretical relative probabilities establishes the follow-
ing decreasing order of preference of the ortho-ad-
dition over the meta:

P,/P,: CN > COOCH, > Cl > CH, > OCH,
> N(CH,),

which coincides with the experimental ordering. Com-
paring these probabilities with the experimental ratios
Y,/Y,, one can immediately see that the relation be-
tween these two quantities is not only qualitative but
also nearly quantitative. From the electron-withdraw-
ing substituent CN to the electron-donating substituent
N(CH ,),, the relative probability P, /P,, decreases from
8.89 to 0.056, whereas the experimental relative prod-
uct yield decreases from 21 to 0. Figure 2 summarizes
the comparison, showing a good linear correlation be-
tween Y, /Y,, and P,/P,,.

The results in Fig. 2 satisfy the following least-square
linear equation (with a confidence level of 95%):

Y,/Y, = (246 + 0.62) P, /P, (6)

The correlation coefficient is 0.986. The fitting has
been constrained to have zero intercept (only the slope
is varied), since the condition Y,=0 if P,=0 is ex-
pected.

Note that the three -electron-withdrawing sub-
stituents, Cl, COOCH,, and CN, clearly favor ortho-
additions since they have high values of P,/P,. In
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TABLE 2. Comparison between relative Boltzmann probabilities and
experimental relative ortho / para product distributions for the nu-
cleophilic additions on cyclopentadienyliron complexes of substituted
benzenes

Complex Substituent Relative Relative product
probabilities distributions
(P,/P) (Y,/Y)

1 CN 8.4 68

2 COOCH, 2.17 11.1

3 Cl 216 9.0

4 CH, 1.13 1.57

5 OCH, 0.54 0.30

6 N(CH,), 0.37 0.0

contrast, the two clectron-donating substituents
N(CH,), and OCH, favor meta-additions (low values
of P,/P,). Finally, the nearly electron-neutral sub-
stituent CH; shows no major preference of ortho-ad-
ditions over meta-additions.

Our results predict correctly that ortho-additions
are not favored if P,/P,, approaches zero. For exam-
ple, the probability of a model nucleophile to stay on
the molecular surface of the N(CH,), derivative is
nearly twenty times larger at the meta-position than at
the ortho one. This observation agrees with the fact
that no ortho-substituted products are experimentally
detected.

In contrast, the experimental relative product distri-
butions Y,/Y,, vary over a much smaller range (from
0.31 to 0.83), and no clear trend is observed with
respect to the type of substituent [9]. Table 2 shows our
results for the correlation between the experimental
relative product distributions Y,/Y, vs. P,/P,. The
results agree qualitatively with the ones shown in Table
1 and Fig. 2 and the correct experimental order of
reactivity is predicted:

P,/P,: CN > COOCH; > Cl > CH; > OCH,
> N(CH,),

This indicates that our procedure provides a reason-
able model to represent the ortho-addition in relation
to the other two possible attack positions. However, in
this latter case, the agreement is not as good as for the
the ratio of Y,/Y,,, indicating that the ratio P,/P,
does not show a clear trend. At this moment, we
cannot explain this feature. The experimental results
show the same, somewhat erratic behaviour, with some
electron-withdrawing substituents producing the same
Y,/Y,, ratio as some electron-donating groups.

4. Discussion and conclusions
If a reaction is kinetically controlied, then the final

product distribution will depend on the energies of all
possible transition structures (“states”). Similarly, if a

reaction is thermodynamically controlled, then the fi-
nal product distribution will depend on the relative
free energies of all possible products. In principle, the
regioselectivity can be studied by calculating the energy
barriers along all possible reaction paths and the free
energies of all possible products.

However, the above approaches are not very practi-
cal for most actual chemical problems such as the
present nucleophilic additions of the hydride ion (of
[BH,]7) to cyclopentadienyliron complexes of substi-
tuted benzenes. It is not simple to calculate reaction
paths and free energies by using the current theoretical
methods and the present generation of computers.
Consequently, it is important to have alternative, sim-
ple but reliable methods to treat reactions of interest.

In this study, we have proposed a method that
combines notions of statistical and quantum mechanics
to analyze the probability of nucleophilic attacks over
different locations on a model molecular surface. Our
results indicate that the approach can be useful in
modelling the regioselectivity of the addition reactions
on organometallic compounds.

The model consisting of a spherical nucleophile on
the molecular surfaces of the cyclopentadienyliron
complexes mimics the initial conditions of the reac-
tions. The linear correlation obtained between the
theoretical descriptor and the experimental results
seems to indicate that the final product distribution is
related to the initial attack probabilities. This may indi-
cate that the reaction possesses an early transition
structure, and that the reaction is thus kinetically con-
trolled. The verification of this conclusion would re-
quire different models and computations.

The results provide a strong support for the use of
molecular surfaces to describe quantitatively the re-
gioselectivity of nucleophilic reactions. A modification
of the proposed method, using a shape group analysis
[23,24] of level sets (ranges) of local probabilities along
molecular surfaces, can provide a new similarity con-
cept for molecules [25]. The present model, though
simplified, accounts for the main experimental features
observed in the set of reactions. If desired, a number of
refinements can be introduced. For instance, interac-
tion terms other than the purely electrostatic one have
been ignored. Other terms can be included by using
the electron density distribution instead of point atomic
charges. Moreover, one can take into account the po-
larizing effect of the charge of the nucleophile on the
charge distribution on the molecule by means of a
reaction field. This may be an observable effect in the
case of hydride ion as nucleophile, which is quite
polarizable.

These approaches above would lead to a more accu-
rate description of the dynamics of the interaction.
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However, in view of the present results, the effect of
these corrections should not be dominant. Note that
small changes in the point charges will be rather
“smoothed out” by the Boltzmann exponentials in eqn.
(4).

As stated before, other quantum mechanical meth-
ods, other than EHMO, can be used to provide charge
distribution. Nevertheless, for large organometallic
compounds other alternatives may still not be very
practical.
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