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In this paper we describe a method to obtain estimates of the relative nucleophilicity for a series of neutral
and charged electron donors from their solution phase ionization poteh}iallte relationship between
nucleophilicity and the solution phase ionization potentials is first tested for experirhgrahles in aqueous
solution. On the basis of the meaningful relationship found, the method is then applied to the theoretical
solution phasds obtained at the IPCM-MP2/6-311G(2d,p) level of theory. The comparison between the
experimental nucleophilicity as given by Ritchidkst- scale and the solution phase ionization energy for a
series electron donors split out into two families: a first group of marginal and moderate nucleophiles that
mainly contains atoms of the first row §8, NH,CONHNH,, CFCH,NH,, NH3, CH;ONH,, NH,OH and
CH30"), with nucleophilicity numbeN+ < 6.0; a second group of strong nucleophiles, mainly including
second-row sulfur atom (G&H,S~, CH;CH,CH,S~, OHCH,CH,S ", C¢HsS") and the first-row electron donors
piperidine and morpholine, with nucleophilicity numkgs- > 7.0. An approximate expression for a local
nucleophilicity index is proposed. The results show that the nucleophilicity power of the electron donors is
consistently shown at the expected nucleophilic sites in these molecules. The solvent effect on the predicted
nucleophilicity is also discussed.

1. Introduction and intramolecular selectivity, by predicting product ratios that
. . . o _result when carbon electrophiles react with two competing
Since the introduction of the electrophilicity and nucleophi- n,cjeophiles, or to predict the preferred sites of electrophilic

licity concepts to describe electron-deficient (electrophil€)E  5tacks toward a nucleophile presenting two possible electro-
and electron-rich (nucleophile, Nuspecies, respectively, there philic sites? respectively.

has been a growing interest in classifying atoms and molecules
within empirical scales of electrophilicity and nucleophilicity.

The availability of quantitative scales of electrophilicity/
nucleophilicity provides useful tools for the rationalization of
chemical reactivity. The benefits of these scales has been
recently illustrated by Mayr et &l They provide for instance

Theoretical scales of electrophilicity and nucleophilicity are
highly desirable as they can be used to rationalize the electronic
aspects of reactivity, selectivity, and their variations induced
by field effects coming from chemical substitution, solvation,
or even conformational changes. A validated theoretical scale

quantitative criteria to decide whether a given electrophile of electrophilicity/nucleophilicity may be further extended to

nucleophile combination reaction will take place. The experi- d€Scribe local reactivity aspects related to selectivity.

mental model is based on the following three-parameter ~From a theoretical point of view, electrophilicity has been
equation: recently defined by Parr et &las the energy stabilization of a

chemical species when it acquires an additional fraction of
logk = s(N + E) 1) electlronic chargg from the environment. A u;eful representa}tion
of this property in terms of electronic descriptors of reactivity,

Here k is the rate constant for the electrophileucleophile namely the electronic chemical potentialand the chemical
combination reactiorsis a nucleophile-specific parameter, and nardness, allowed the authors to define an absolute scale of
N and E are the nucleophilicity and electrophilicity numbers, elgctrophmcny for atoms and molecules in their ground st&tes..
respectively. The predictive power of this experimental model Itis based on a se.cond-order model fqr the changes in electronic
of reactivity is closely related to the expected reaction rates. It €N€rgy as a function of the changes in the number of electrons
has led to a useful empirical reactivity rule about the kinetic AN, at constant external potentia(r), namely

feasibility of the electrophilenucleophile combination reac-

tions? This model has been further applied to deal with inter- AN?
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Nucleophilicity and lonization Potentials
and

n=1-A (3b)

are the electronic chemical potential and chemical hardness

defined in terms of the vertical ionization potentiaind electron
affinity A, respectively. The electronic chemical potentiat
AE/AN of a stable species is always negative. Since an
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—1). According to eq 2 and using egs 3a,b, the energy change
will be given by

AE

I

—M+g=| (5)

which shows that the energy will be increased, as expected, in
an amount that exactly gives the ionization potential of the

electrophile is a chemical species capable of accepting electronsyycleophile. Note that expression (5) entails, with respect to

from the environment, its energy must decreaA& (< 0) in
the direction of increasintyl (AN > 0); thus, the condition of
negative electronic chemical potential is always fulfilled. This
simple argument explain why the definition of the electro-
philicity index w may be consistently obtained from a simple
variational calculation as the one described by Parr &tltal.
consists of minimizing\E with respect taAN in eq 2 with the
following results:

2

= — :‘u—
w AE 2

4
The electrophilicity indexv has been successfully applied
to classify a series of diene/dienophile pairs participating in
Diels—Alder reactions. The theoretical scale of electrophilicity

the equivalent expression fawN = 1, the inversion of the sign

of u (i.e. the inversion of the electronic charge flux) and that
the contribution of the chemical hardness remains invariant in
both cases, thereby reinforcing the concept of chemical hardness
as a resistance to the electronic charge flux between the system
and the environmeritFrom this expression, we may think of
the best nucleophile as the one that minimizes the energy
increaseAE = I. A possible empirical definition of a nucleo-
philicity index that roughly satisfies this conditionds = —I.

This definition guarantees that the higher the ionization potential,
the lowest the nucleophilic power of the molecule will be, and
conversely, the best nucleophile will be the one presenting the
lowest value in ionization potential. This result is encouraging
as it has been thought for some time that the solution phase
ionization potentials helped to determine the nucleophilic

based on Parr’s et al. index has also been validated against thg)gtential of electron donors in nucleophilic substitution reac-

kinetic electrophilicity scale of Mayr et &f.and the spectro-
scopic electrophilicity scale of Legon and MilléAand recently

tions1>16yet a quantitative relationship between both quantities
has not been proposed to date.

it has been also validated against the Moss et al. electrophilicity  The prediction of solution phase ionization potentials may

scale for singlet carbenékLocal extensions of expression {2)
as well as solvation effects on the electrophilicity power of
molecules have been already reporftéiflustrating the useful-
ness of the electrophilicity index as a chemical descriptor of
reactivity. Other definitions of local electrophilicity and nu-
cleophilicity have been proposed in the literature. For instance,
Roy et al'* have proposed a local relative nucleophilicity index
which is intramolecular in nature, in the sense that it ranks the
nucleophilicity power of atomic centers with reference to the
other atomic regions within the same molecule.

The definition of nucleophilicity cannot be deduced from a
variational framework similar to that leading to the definition

of electrophilicity based on eq 2. This is because bound systems

that release electronic charge to the environmaht € 0) must
increase their energy to maintain a negative value of the
electronic chemical potential. On the other hand, the nucleo-
philicity index w~ cannot be defined as the inverse of electro-
philicity in a mathematical senses™ = 1l/w oro™ =1 — w.

The first relationship fails because it has not a clear physical
definition (the inverse of power), and the second one fails
because the quantity is not normalized to unity. This means
that electrophilicity and nucleophilicity may be not the opposite
ends of a unique scale. Nucleophilicity is however an inverse
of electrophilicity on physical grounds: white measures the
energy stabilization of a chemical species upon accepting
electronic charge from the environment, the quantity

be however a difficult task for some particular cases, mainly
those involving negatively charged species. Within the present
approach, the relationship between intrinsic (gas phase) nucleo-
philicity index w,~ and the solution phase nucleophilicibg™
is given by

0w, =w, +O0AE

s solv

(6)
where

6AEsolv = AEsolv(N) - AEsolv(N - l) (7)

is the difference between the solvation energy of the nucleophile
with N electrons and its ionized form witd — 1 electrons. In

eq 6,w,~ = —lo. According to this model, two sources of errors
must be considered concerning the correct prediction of the
solution phase nucleophilicitys~ = —ls. They are the intrinsic
ionization potentiall, in the absence of the solvent and the
solvation energies of the nucleophile and its ionized counterpart.
The first one, and perhaps the most important of them, is the
accurate calculation db.

2.2. Solvent Effects on Nucleophilicity A final remark
concerning the role of the solvent in the nucleophilicity pattern
of neutral and charged electron donors is worth mentioning.
According to eq 6, the second contribution to the solution
nucleophilicity index is the difference in solvation energy

measures the energy changes (no necessarily leading 0 gepyeen the electrophile and its corresponding ionized form.
minimum), when the charge flux with the environment is in - o go\vent effects will influence neutral and charged nucleo-

the opposite direction. In this work we propose an empirical
relationship between an experimental nucleophilicity scale and
the vertical ionization potential of the molecule in the solution

phase.

2. Model

2.1. Relationship between Nucleophilicity and Solution
Phase lonization Potentials.Consider for instance a nucleo-
phile that transfers one electron to the environment AN .=

philes differently. Consider for instance the negatively charged
nucleophiles. For these systems, the ionized form corresponds
to a neutral radical for which the solvation energy is predicted
to be negligible respect to the solvation energy of the corre-
sponding anion® In this case, the solution phase nucleophilicity
will be approximately given byws™ ~ wo~ + AEsoN). Since
AEsony < 0 for negatively charged species, it follows that
solvation effects will in general attenuate the electrophilicity
power of negatively charged electrophiles. For neutral nucleo-



5590 J. Phys. Chem. A, Vol. 107, No. 29, 2003 Contreras et al.

CH,).P
- ( 3)30 3
> =2
2 2 *HOO
£ & £ 8
o o) -
s Furane 2 N CH.O
% *7 Z 7- 3
) © R =0,9755
g . & SD=0,42
g § 6 N=6
3 o P <0.005
w g u%
- - [ ] -
N, =8.38+0.397 | *1 CN CF,CH,0
2- 1* ’
T T T T r - 4 T T T T N T T T T T T T T LI LI T 1
16 14 12 -10 ;A 5 4 70 -68 -66 -64 62 60 58 56 54 52
Predicted Nucleophilicity o, = -lo [eV] Experimental -1, [ev]

Figure 1. Comparison between experimental gas phase nucleophilicity Figure 2. Comparison between experimental nucleophilidlty (from
(from refs 17 and 18) and the negative of the gas phase ionization ref 19) and the negative of the experimental ionization potentials
potential obtained at the MP2/6-311G(2d,p) level of theory. (from ref 15).

. . . . TABLE 1: Experimental and Predicted lonization Potentials
philes on the other hand, the leading term in eq 7 will\gon- in the Gas Phgse I,) and in Aqueous Solution () for a
(N — 1) and the solution phase nucleophilicity will be Series of Negatively Charged Electron Donofs
approximately given bys™ ~ w,~ + AEso{N — 1). Note that,

in this case, the solvation effects will work in favor of the ) Lpﬂ M
nucleophilicity power in the solution phase in an amount species lo ls lo ls
proportional to the solvation energy of the ionized form, which OH~ 1.83 6.22 0.19 3.93
corresponds to positively charged species. Since with the only ~ OOH" 1.19 5.33 0.06 3.48
exception of piperidine and morpholine these neutral electron (N:f_' o i;g g'gg (Z)'gg g';g
donors behave as marginal and moderate nucleophilic species, CF33CH20* 292 5.78 219 4.90
it follows that their nucleophilicity pattern in solution is mostly CeHsS™ 2.47 5.26 3.12 5.45
driven by the intrinsic ionization energy contribution. CN- 3.82 7.88 4.04 6.97

. . a All values in eV. Experimental ionization potentials are from ref
3. Results and Discussion 20. Predicted quantities from MP2/6-311G(2d,p)//MP2/6-311G(2d,p)

3.1. Global Intermolecular Nucleophilicity. To first test the calculations; see the text for further details.

model of intrinsic nucleophilicityw,™ = —Il,, we selected a  bers N+1° and the negative of the experimental aqueous
series of electron donors for which there exist an experimental ionization potential reported by Pears®énThis result is
scale of gas phase nucleophilicity relative to water, built up encouraging in the sense that if reliable solution phase ionization
from spectroscopic data recorded by Legon and MitféThe potential can be made available from suitable theoretical
series include B CO, PH, H,CO, H,S, furan, (CH)sP, H,O methods, then an absolute theoretical scale of nucleophilcity
(the reference), Ni} and CHOCHs. MP2/6-311G(2d,p) cal-  may be proposed. Note however that GNor which both
culations were performed to evaluate the quantiy The experimentaN+ andls data exist, significantly deviates from
comparison with the experimental scale for the whole series the approximately linear relationship between both quantities
including the reference molecule was fair, mainly because (see Figure 2).
ammonia and dimethyl ether strongly deviated from a linear As stated before, there are two contributions to the solution
relationship. However, when the comparison was made for 7 nucleophilicity within the model condensed in eqs 6 and 7. On
out of the 9 compounds within the series shown in Figure 1, a one hand, there is the intrinsic contributian,™ = —l,,
reasonable good correlatioR € 0.93) was obtained. Note that, depending on the gas-phase ionization potential. Gas-phase
for the case of Nkl the authors of the experimental scale report ionization potentials may be evaluated from the energy differ-
different nucleophilicity value’-'8 The failure in the correct  ence between the systems wirandN — 1 electrons, namely,
description of dimethyl ether is intriguing, but no attempts to [, = E(N — 1) — E(N). The calculations are performed for the
improve it were made. systems wittN andN — 1 electrons, for the ground state of the
To test the model incorporating solvent effects we first systems in their fully optimized geometry at the MP2/6-311G-
compared the experimental scale of nucleophilicity in aqueous (2d,p) level of theory. Experimental and theoretical ionization
solution reported by Ritchi@ with the negative of the experi-  energies in the gas phase are given in Table 1. They are further
mental ionization potential in watet|s reported by PearsdA. compared in Figure 3. It may be seen that, at this level of theory,
Unfortunately, the overlap between both databases is scarcethe experimental and theoretical ionization energies are only
yet they provide sufficient information for the purpose of comparable on qualitative basis. Note that here again the CN
probing the relationship between both properties. The results system shows the most significant deviation from the experi-
are shown in Figure 2 for the short series of charged nucleo- mental values. The calculation of accurate ionization potentials
philes OH", OOH~, CH;O~, N3~, CRCH,O, and GHsS ™. The has been the matter of interest in the gést.Several methods
correlation between both variable®2(= 0.95) reveals a including electron correlation at different levels of theory have
meaningful relationship between Ritchie’s nucleophilicity num- been tested for this purpose. All of them agree in that
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TABLE 2: Predicted Nucleophilicity in the Gas (w,~) and in
Solution (ws~) Phases and Experimental Nucleophilicity
Number (N+) in Aqueous Solution for a Series of Negatively
Charged Electron Donorg

exptl nucleophilicity

predicted nucleophilicity and solvation energy

species ws™ wo~ OAEsoy N+ AEgopd
OH~ —3.93 -0.19 374 475 —455(3.94)
OOH- -3.48 —0.06 —3.42 852 -—4.12(-3.68)
N3~ —-579 —-295 284 754 —3.25(2.90)
CHsO™ -399 -0.92 -—3.07 7.5F -4.03(3.20)
CRCHO- —491 -219 -—-272 506 —3.64(2.85)
CeHsS™ —-545 —-3.12 —-2.33 9.10 —2.95(2.47)
CN- —-6.97 —-4.04 —-293 412 -3.21(3.09)

aAll values in eV.? ws™ = wo,™ + 0AEson. Evaluated from egs 4
and 5); see the text for detail’SExperimental nucleophilicity in water
from ref 19.9 Experimental solvation energies of anions in eV units.
The predicted solvation energies are given in parenthégegeri-
mental nucleophilicity evaluated in methanol from ref 19.

evaluated as the highest within the series. The other point worth
mentioning is the failure of the model to reproduce the correct
nucleophilicity power of GHsS™, the anion experimentally

quantitative ionization energies are only possible to obtain at evaluated as the strongest nucleophile within the series. Here

higher computational levef. However for the purpose of
qualitatively relating the ionization energy and the nucleophilic

the wrong result may again be traced to a poor representation
of I, as the IPCM model reproduce its experimental solvation

power of electron donors, the MP2/6-311G(2d,p) level seems energy almost quantitatively.

to be adequate, if we consider that anions are the upper limit of

increasing difficulty to quantitatively represent this property.

The difficulties outlined above for the representation of the
solution nucleophilicity of electron donors in terms of the

Inclusion of solvent effects has been done by means of solution phase ionization potentials may be significantly allevi-

continuum models using the IPCM model of Tomasi et?al.
The calculation of the solution phase ionization potentalas

ated for the case of neutral nucleophiles. Having this hypothesis
in mind, we evaluated the nucleophilicity power of a series of

performed from the energy difference between the system with first row neutral electron donors (i.e. neutral nucleophiles

N andN — 1 electrons in the external potential of the system
with N electrons (i.e. vertical ionization energy). Thejuantity

containing N and O atoms) including some second-row charged
nucleophiles (i.e. containing sulfur atoms). When we compared

is directly obtained by comparing the total energies of the systemthe nucleophilicity indexws~ = —ls, incorporating solvent

with N andN — 1 electrons in the presence of a polarizable
medium characterized by a dielectric constant 78.5 to mimic

effects with the experimental nucleophilicity numbsk-
reported by Ritchié? two well-defined families of nucleophiles

water as solvent. The results are summarized in Table 1. Noteclearly emerged: one family of marginal and moderate nucleo-
that, with the only exception of ¢EisS~ species, the IPCM-  philes with a nucleophilicity numbeN+ < 7.0 in the
MP2/6-31G(2d,p) method systematically underestimate the experimental scale; a second series of nucleophiles with
solution phase ionization potentials. The largest deviation is nucleophilicity numbeN+ > 7.0, which we arbitrarily classified
observed for the smallest anions for which a high solvent effect as strong nucleophiles. The results of this comparison are shown
is expected. Since for the intrinsic contributilrihe theoretical in Figures 4 and 5, respectively. Included in the first group of
values systematically underestimate the experimental value, itmarginal and moderate nucleophiles (Figure 4) are water,
may be concluded that both, and Is may be consistently  ammonia, and a series of neutral amines including hydroxyl-
compared with their experimental counterparts without having amine. Piperidine and morpholine are borderline between both
systematic compensation of errors; thus, the order relationshipsgroups, and they are included in Figure 5 in the group of strong
within a family of anions may be reliably represented at this nucleophiles. Note that this family is mainly composed of sulfur-
level of theory. containing anions that have been recognized as strong nucleo-
The preliminary study made on negatively charged electron philic species in a series of chemical proces3@s.
donors, for which there exist both experimental values of  The location of CHO~ within the range of strong nucleo-
nucleophilicity and solution phase ionization potentials, allowed philes (i.e.N+ > 7.0) in Figure 4 is somehow striking, because
us to illustrate the major difficulties encountered in the according to our model eq 7 the high solvation energy expected
construction of a theoretical scale of nucleophilicity on the basis for this anion would strongly attenuate its nucleophilicity in
of the simple model condensed in eqs 6 and 7. Both quantitiesaqueous solution. Unfortunately, the experimental nucleophi-

are compared in Table 2. Despite the fair comparison betweenlicity number N+ of CH3;O~ in water is not available. The

the experimental and predicted nucleophilicity for negatively
charged electron donors, the following points are worth
mentioning: For small anions (OKHHOOH", N3~, and CHO"),

the solvation energy drives the nucleophilicity power in the
solution phase. Note that the abnormally high nucleophilicity
predicted for OH, the anion experimentally evaluated as the

reportedN+ value for this anion was measured in methafol,

a solvent having a markedly lower polarity respect to water.
This species is expected to nucleophilically behave in a manner
closer to that of OH, i.e. as a marginal nucleophile in aqueous
solution. To test the predictive power of the present model, we
evaluated the nucleophilicity of G~ from the regression

weakest nucleophile within the series, may be traced almostequation: ws- = 9.74 — 1.285 (see Figure 4). Using the

exclusively to the extremely low intrinsic ionization enerigy

predicted ionization energy in water 3.99 eV quoted in Table

predicted for this nucleophile, as its solvation energy is correctly 1, we obtainws~ = 4.63, in an excellent agreement with an
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Figure 4. Comparison between experimental nucleophilibity (from

ref 19) and the predicted solution nucleophilicity obtained at the IPCM-
MP2/6-311G(2d,p) level of theory for a series of first-row electron
donors (marginal and moderate nucleophileR)is the regression
coefficient, SD is the standard deviatidw,js the number of points in
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the variables is randomly obtained.
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ref 19) and the predicted solution nucleophilicity obtained at the IPCM-
MP2/6-311G(2d,p) level of theory for a series of second- and first-
row electron donors (strong nucleophileR)is the regression coeffi-
cient, SD is the standard deviatioN,is the number of points in the
regression, an is the probability that the relationship between the
variables is randomly obtained.

expected nucleophilicity power close to that experimentally
evaluated for OH (4.75 eV).

3.2. Local Nucleophilicity. A final remark concerning the
local counterpart of the intramolecular global nucleophilicity
introduced here is worth mentioning. On intuitive grounds, one
would expect the global nucleophilicity power to be mostly

Contreras et al.

TABLE 3: Nucelophilic Sites for Electron Donors and
Contributions to the Regional Nucleophilicity Index s (K)
Obtained from Eq 10

species nucleophilic sitek)(  ws~ i ws (K (eV)

HO~ 0] —3.93 099 —3.89
HOO~ 0] —-3.48 0.74 —258
N3~ 2 N3 —-5.79 049 284

N2 0.02 -0.12

N3 0.49 —2.84
CH:O~ o —-3.99 073 -291
CRCH;O™ 0] —491 0.75 —3.68
CeHsS™ S —5.45 0.62 —3.38
CN- C —-6.97 039 -—2.72

N 0.61 —4.25
NH-OH N —-3.72 071 264

o 0.27 —1.00
NHs N —458 097 —4.44
NH,CONHNH, o —5.41 048 -2.60
H-0 0] —-6.65 0.98 —6.52
CFRCHNH N —4.83 0.78 —=3.77
CH3;ONH; N —-3.84 0.68 -—261

0] 0.23 —0.88
CH3CH,CH,S™ S —3.46 094 -3.25
CHsCH,S~ S —3.43 095 —3.26
OHCH,CH,S~ S —-3.15 0.94 —2.96
piperidine N —-432 066 —2.85
morpholine N —-4.46 049 —-2.19

0] 0.13 —0.58

aN; is the central atom.

orbital at the pointr, ¢ is the orbital energy, and(r) is the
total electron density function. Even though eq 8 is not directly
amenable to a condensed to atom quantity, the followimzats

is a reasonable approximation to the quariiityneasuring the
contribution of the region associated with atkno the average
ionization energy:

9)

Heref is the condensed Fukui function associated with the
HOMO. Since the Fukui function is almost unaffected by solvent
effects?® the intrinsic gas phase values suffice to distribute the
quantityws- = —ls on each atomic centde There results the
following:

= f |

ws (K = —fi | (10)

S
Equation 10 is our working expression for the regional nucleo-
philicity index ws™(K) condensed to atork The local nucleo-
philicity pattern for the series of electron donors considered in
this study is displayed in Table 3. It may be seen thattt€k)

index correctly distributes the global electrophilicity values on
those atomic centers that are expected to be the most nucleo-
philic sites in these molecules.

4. Concluding Remarks
The results reported in this work are to be taken as a first

located around the nucleophilic centers of the electron donor step toward a quantitative description of nucleophilicity, in the

molecule. Since the global nucleophilicity index is defined here
as the negative of the vertical ionization potentiah natural

form of a reactivity index. It becomes clear that the major
difficulty to achieve this goal resides in the accurate description

local extension should be based on a local version of this of the intrinsic ionization energl. However, the present model

quantity,I(r) for example. Such a definition has been already
proposed in the literature by Politz&r:

pi(r)e;l
I(r) = z (8)

— p(r)

Herepi(r) is the electronic density of thigh atomic or molecular

may be still corrected along a different line. For instance,
attempts to build up quantitative scales on nucleophilicity have
been made in the past on the basis of experimental data that
incorporate thermodynamic, kinetic, and electrochemical pa-
rameters. The double basicity scale proposed by Ed#adts

to describe the chemical reactivity of electron donors is an
excellent example of how the nucleophilicity concept has been
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