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Nucleophilicity Evaluation for Primary and Secondary Amines
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Two nucleophilicity indices were evaluated for a series of N­nucleophiles. The first index is the one defined by
Jaramillo et al. in 2006 while the second is a new index proposed for the first time in this paper. Both indices
are based on information concerning the frontier molecular orbital of the nucleophile and its electrophilic
partner. The models based on these indices were validated against existent kinetic data for the nucleophilic
substitution of benzhydrylium cations with primary and secondary amines in water at 20°C. The predictive
character of the models was also tested.
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The use of the electrophilicity and nucleophilicity
concepts to define the electron-deficient (electrophile) and
the electron-rich (nucleophile) species has gained a
continuous interest in classifying atoms, molecules,
charged species and their reactivity centers within
empirical scales of electrophilicity and nucleophilicity [1-
6]. Also, the availability of experimental scales of
electrophilicity and nucleophilicity, usually based on kinetic
parameters, provides useful information for the
rationalization of chemical reactivity. Both of these
concepts have been defined in a kinetic sense [7, 8]. While
the electrophilicity concept represent the stabilization in
energy when the electrophile species acquires an
additional electronic charge from the environment, a
quantitative definition of the nucleophilicity concept is more
difficult to postulate. The reason lies in the fact that when
a nucleophile loses an electronic charge, its frontier orbital
energy will increase. Therefore, one cannot use a
variational calculation such as the one introduced by Parr
et al. [9] to define the electrophilicity:

    (1)

Equation (1) represents the electrophilicity index, where
μ and η are the electronic chemical potential and the
chemical hardness of the electrophile, defined by the
following relations:

  

The first attempt to quantify nucleophilicity was reported
in 1953 by Swain and Scott [10], who proposed equation
(4):

        (4)

where:
k = experimental rate constant of the reaction;
ko = experimental rate constant of the etalon reaction;
sE = sensitivity of the electrophile;
n = nucleophilicity constant.
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A second attempt to quantify nucleophilicity was
reported by Ritchie in 1972 [10] and is described by
equation (5):

                            (5)

where N+ is the electrophile-independent nucleophilicity
parameter.

The third attempt to quantify nucleophilicity was
reported by Mayr and Patz in 1994 [10] in the form of
equation (6):

    (6)

where:
sN = solvent-dependent nucleophile-specific slope;
E  = nucleophile-independent electrophilicity parameter;
N = electrophile-independent nucleophilicity parameter.
In 2002, while trying to unify the above relations, Mayr

et al. [11] rewrote equation (6) in the form of equation (7):

     (7)

with sE = solvent-dependent electrophile-specific slope.
If  sE  from equation (7) is replaced with  sE  =1 (the value

for carbocations), the Mayr and Patz  equation (6) is obtained.
Furthermore if  sN  from equation (6) is replaced with  sN =
0.6 (sN  ≈ 0.6  for most n-nucleophiles), equation (8) is
obtained [10]:

      (8)

Ritchie equation (5) can be easily obtained from
equation (8)[10].

If sN from equation (7) is replaced with   sN = 0.6 (sN  ≈ 0.6
for most n-nucleophiles), equation (9) is obtained [10]:

    (9)

Swain and Scott equation (4) can be easily obtained
from equation (9) [10].

A few years ago Jaramillo et al. [12] proposed an
empirical nucleophilicity index based on the first order
energy changes due to changes in the electron number.
Assuming that N is the nucleophile and E is the electrophile,
the empirical nucleophilicity index model proposed by
Jaramillo et al. is described by equation (10):

                                          (10)

  (2)

  (3)
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where μN  and μE  are the corresponding electronic
chemical potentials, while ηN and ηE are the chemical
hardnesses.

The objectives of this paper were to test the empirical
nucleophilicity index proposed by Jaramillo et al., on one
hand, and elaboration of an improved nucleophilicity index
based on LUMO and HOMO energies of the species involved
in the reactions, similar in form with Mayr and Patz Equation
(6), on the other hand. The study was made on the reactions
of 26 (a-z) primary and secondary amines with 6 (A-F)
benzhydrylium cations in water at 20°C [13]. The reaction
evolve according to the mechanism [13] presented in
figure 1.

Experimental part
Methods and materials

In figure 2 and figure 3 the selection of  the electrophiles
and the nucleophiles initially used by Brotzel [13] are
depicted.

Full geometry optimization for the whole series of
benzhydrylium cations and amines was performed at the
B3LYP/6-31+G(d,p) level of theory implemented in the
Gaussian 09 package [14].

Jaramillo empirical nucleophilicity index (10) was tested
against kinetic data reported by Brotzel [13] and compared

Fig. 1. Reaction mechanism [13]

with the new nucleophilicity index proposed in this study
(11).

 (11)

where:
E* = electrophilicity parameter
N* = nucleophilicity parameter
E* =-εLUMO E
N* = - εHOMOE - εLUMO E (E and N describing the electrophile

and nucleophile respectively)

Results and discussions
The energies of the frontier molecular orbitals HOMO

and LUMO were obtained after full geometry optimization
of the involved species (N, E) and were used to calculate
Jaramillo empirical nucleophilicity index ω-

  and the
nucleophilicity index ω* proposed in this study.

While a plot of the logarithm of the experimental rate
constant lgk versus the nucleophilicity index ω- yields a
linear correlation with r = 0.809 (fig. 4) and versus the
nucleophilicity parameter  N* yields a better linear
correlation (r = 0.828, fig. 5), when plotting versus the
nucleophilicity index ω*  it gives an even better linear
correlation (r = 0.843, fig. 6,) for the one hundred and thirty
two reactions considered in the study and presented in
table 1.

Fig. 2. Benzhydrylium cations used as
electrophiles

Fig. 3. Primary and secondary amines used as
nucleophiles
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Fig. 5. Comparison between logarithm of the
experimental rate constant lgk [13] and the

calculated nucleophilicity parameter proposed in
this study N*

The predictive character of the models was tested by
plotting the logarithm of the experimental rate constant
lgk versus the calculated rate constant lgk(ω-)-, lgk(N*),
lgk(ω*) which gave similar results (figs.7- 9).

The calculated rate constant lgk(ω-) is obtained by
parametric equation from figure 4:

lgk(ω-)- = –1.83155 + 4.18034·ω-

Fig. 7. Comparison between logarithm of the
experimental rate constant lgk [13] and the calculated

rate constant lgk(ω-)

Fig. 4. Comparison between logarithm of the
experimental rate constant lgk [13] and the

calculated Jaramillo nucleophilicity
index ω-

Fig. 6. Comparison between logarithm of the
experimental rate constant lgk [13] and the

calculated nucleophilicity index proposed in this
study ω-
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Table 1
EXPERIMENTAL RATE CONSTANT OF THE REACTIONS [13], THE

ENERGIES OF THE FRONTIER MOLECULAR ORBITALS FOR EACH
ELECTROPHILE (A-F) AND NUCLEOPHILE (a-z) INVOLVED IN

REACTIONS AND THE ω* INDEX

Fig. 8. Comparison between logarithm of the experimental rate
constant lgk [13] and the calculated rate constant lgk(N*)

Fig. 9. Comparison between logarithm of the experimental rate
constant lgk [13] and the calculated rate constant lgk(ω-)
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The calculated rate constant lgk(N*) is obtained by
parametric equation from figure 5:

lgk(N*) = 4.26500 + 1.87895·N*

The calculated rate constant lgk(ω*) is obtained by
parametric equation from figure 6:

lgk( ω*) = – 5.62743 + 1.69500· ω*

Conclusions
The nucleophilicity index proposed in this study (ω*)

leads to better results than the empirical nucleophilicity
index proposed by Jaramillo et al. The new index is formed
by two terms, the electrophilicity parameter and the
nucleophilicity parameter. The first is a nucleophile-
independent electrophilicity parameter, expressed by LUMO
energy of the electrophile. The second is an electrophile-
dependent nucleophilicity parameter, expressed by the
difference between HOMO energy of the nucleophile and
LUMO energy of the electrophile. The next step of
improvement of the proposed index could involve the
solvent effect on both the electrophilicity and
nucleophilicity parameters and the influence of the
transition state (TS) and the intermediate species (I) for
each reaction.
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