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Activating and deactivating abilities of several substituent€ds, —F, —NH,, —NO,) in indole have been
theoretically studied using a series of electron density based reactivity indices. Calculations have been performed
at the B3LYP/6-31%+G(2d,2p) level. An energetic criterion based on the proton affinities (PAs) has been
employed to check the validity of these reactivity indices. Relative PAs reflect the ortho and para orientation
ability of —CHjs, —F, and—NH; groups, whereas the large deactivating effect-6fO, is mainly observed

at these positions. Also, substitutions in carbons 2 and 6 (IUPAC nomenclature) activate/deactivate carbons
6 and 2, respectively. Inductive effects are also reflected on the values of the relative PASCHagroup

is shown to have inductive electron-withdrawing character instead of electron-releasing with its activating
ability being due to a small mesomeric electron-releasing charactgomic electron populations and the
component of the atomic quadrupole electric tensor qualitatively explain the order of PAs. Fukui indices
approximately predict the results obtained by the previous properties, whereas no correlation is found between
the values of thev?p(r) at the secondary charge concentrations and the PA scale.

I. Introduction deactivating effects in indole derivatives from a purely theoreti-
) ) o ) cal point of view have been published yet.
In organic chemistry, an activating functional group releases  Tp¢ quantum theory of atoms in molecules (QTAHM
electron density when it is attached to an aromatic ring, giows defining several atomic indices that can be employed to

increasing the probability of electrophilic attacks. On the 5gges the reactivity sites in a molecule, such as totataomic
contrary, a deactivating group withdraws electron density from charges? atomic Fukui indiceg® atomic quadrupolar electric

the aromatic ring, so decreasing the probability of electrophilic tensor!® and those based on the laplacian of the electron
a_tta_cks._Two kinds of activating/deac_tivating effects are usually density!® The validity of these indices is restricted to compare
distinguished. They are called inductive and mesomeric effects. he reactivity of similar atoms in series of homologous molecules
The former is related to the electronegatlylty of the functional 5nd cannot be applied on series of molecules that show large
group with the exchange of electron density between the group ictyral differences. Some of these indices, in particular, the
and ring being mainlys. On the contrary, mesomeric effects q,adrupolar electric tensor and the laplacian of the electron
are related to ther skeleton and its conjugation between the gensity at the secondary charge concentrations, were employed
ring and the functional groupThose groups that release electron i 5 previous work by Bader and Chang obtaining satisfactory
density by inductive or mesomeric effects are caftddr +R, results for predicting the sites of electrophilic attack and their
respectively; they are activating groups. On the other hand, thoserg|ative susceptibility to such attack in benzene derivatides.
groups that withdraw electron density from the ring by inductive Gn74ez-Moa and Mosquera also obtained good results using
or mesomeric effects are called or —R, respectively; they e ahove-mentioned indices for uracil derivati¢es.
are deactivating_ groups. However, some_functional groups like |+ is well-known that protonation of aromatic rings in gas
—NH, can be simultaneously| and +R; in these cases, the o446 takes place without activation barferhich makes the
global activating/deactivating character depends upon the rela'protonation process pass off under thermodynamic control.
tive strength of poth effect.s, although mesomeric is considered Therefore, the most activating groups are expected to provide
to be the most important in most cases. the largest proton affinities (PAs), and the highest PAs should
This work is concerned with the activating/deactivating effects indicate, in the absence of large steric hindrance, the main
of some functional groups in indole. Indole derivatives play a nucleophilic centers. Taking into account the thermodynamic
very important role in the synthesis of several compounds with control, the relative PAs of substituted rings with regard to the
pharmacological activity such as diindolemettfaméich is nonsubstituted one\PA, calculated at different positions of
synthesized from indole or methylindole. Moreover, they are the ring, can be inferred as a reliable measure of the activating
also important for several biological processes; as an example,and deactivating ability of the substituent. Thus, Bader and
they are precursors of amino acids such as tryptophan, whichChang employed thAPAs as a relative measure of the energy
is involved in the segregation of melatonin by the pineal activation for electrophilic substitution in benzene derivatitfes.
glandule? Several studies on indole and derivatives, both | g previous work? the preferred sites of protonation in
experimentét*~** and computationdf® can be found in the  indole were investigated using QTAIM atomic charges, energies,
literature. However, no works dealing with the activating/  and multicenter delocalization indices. In this work, the activat-
ing/deactivating effects of different substituentsCHs, —F,
* To whom correspondence should be addressed. —NH,, and —NOg, in indole are quantitatively measured by
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Figure 1. IUPAC numbering employed for indole and indole deriva-
tives.

APA. The results are compared to the electron density based

reactivity indices previously listed above and obtained using
the QTAIM. In spite of its success for benzéhand uraci!

derivatives, we will show that the laplacian of the electron
density fails to predict the main nucleophilic centers in indole
and indole derivatives. Also, the comparison of our results with

qualitative predictions based on the resonance model (RM) is

performed. In previous works, the RM was shown to be
inadequate for studying acidity in phenol derivatifess well

as for studying charge redistributions upon protonation and
hydride additior?>28 Nevertheless, the quantitative results

obtained in this work are in line with the qualitative expectations
derived from the RM.

II. Computational Details

The indole derivatives studied are those obtained from the
substitution of—H by R = —CHs;, —F, —NH3, or —NO, at
atoms 3 and 4-7 (see Figure 1 for IUPAC numbering).

Moreover, all the possible protonations of these molecules were

considered. The B3LYP/6-31#1+G(2d,2p) level of theory was
employed for the geometry optimizations and the electron
density calculations. Gaussian 03 progfémvas used to

Otero et al.

TABLE 1: B3LYP/6-311++G(2d,2p) Proton Affinities for
All the Indole Derivatives Studied?

R SP 1 2 3 4 5 6 7

H 866.6 900.9 9225 887.6 887.2 890.2 876.0

CH; 1 175 126 279 124 137 139 154
2 160 —27 291 205 157 233 136
3 217 258 —-24 104 126 99 109
4 7.1 133 76 —76 212 101 249
5 11.0 145 118 212 =35 20.1 8.4
6 104 231 9.8 71 21.0 -43 208
7 8.3 9.8 75 213 11.3 188 —6.2

F 1 -91 -26.2 —-16.7 —29.7 —21.9 —30.6 —17.9
2 —29.1 —-410 -63 -82 —-175 —-42 -—-200
3 —8.3 47 —445 —-16.2 —184 —20.2 —18.6
4 -20.1 —-186 —-17.8 —60.0 —-5.0 —23.6 1.2
5 —-149 -18.8 —-131 -43 —639 —-88 —259
6 —-17.2 -38 —-17.3 —-26.3 —10.1 —-60.7 -7.2
7 —188 —251 —-198 -—-25 —-235 -—7.3 —584

NH, 2 184 —204 886 60.1 255 686 204
3 520 1014 -16.7 228 269 199 225
4 169 372 154-484 831 114 995
5 305 310 376 856—-417 633 16.0
6 276 76.1 233 11.7 645439 815
7 142 111 136 823 124 69.7/24.2

NO, 2 —-621 —809 —86.1 —70.9 —63.8 —76.1 —60.0
3 —84.2 —-80.3 —90.1 —-60.2 —64.1 —66.4 —62.7
4 —53.2 —58.3 —453 —-78.7 —70.9 —59.6 —77.6
5 —-584 -61.3 —56.8 —66.8 —90.3 —62.1 —65.6
6 —559 —-69.0 —56.0 —62.3 —66.0 —85.4 —67.7
7 —48.2 —57.0 —484 —-785 —654 —72.0 —89.8

a2The values are shown in kJ mélwith regard to those of indole
(R = H). ® SP denotes substituent position.

position error (BSSE) was checked to be less than 0.01 kJ
mol~1.14 Zero point vibrational energies (ZPVE) corrections

compute molecular geometries and electron densities whereagyere not included in the calculation &PAs. since they are

the AIMPAC suite of progran¥ was used to obtain the atomic
and local properties of the electron density. All the integrations
of the atomic properties were done with integrated values of
the error function, LQ), lower than 2102 au, which is a
necessary condition for the quality of the results.

This paper deals with total andatomic charges denoted by
NT(QQ) andN7(L2), thezzcomponent of the quadrupole electric
tensor,Q,{Q),1° and the condensed Fukui indéx,(€2).2° They
are computed for restricted closed-shell determinants of Kohn
Sham spatial molecular orbitals (MOs), represented;pwith
equations 4 whereQ represents the atomic domain defined
within the framework of QTAIM,p(r) is the electron density,
and necc and noed® are, respectively, the number of occupied
spatial MOs and the number of occupigdspatial MOs.

N'(Q) = [, p(T)dF =2, S =g XT)dT (1)
N(Q) = [, () dT =2, 5 [ XT) a7 (2)
QARQ) = [, p(T)EZ —1*) dF 3)

() =2, bromo (T) dT @)

Finally, APA is computed as the difference between PAs of an
indole derivative containing theR substituent and indole (eq
5). All the molecular geometries involved iRPA calculation
were fully optimized. In no case did these protonations give

compared with reactivity indices that only depend on electronic
effects. Moreover, the ZPVE corrections for the parent indole
and its derivatives balance out.

APA = [E(CH,NR") + E(CgH,N)] —
[E(CeHGNR) + E(CgHN")] (5)

Ill. Results and Discussion

The Proton Affinity Scale. The PAs calculated in a previous
paper for the different protonation sites of indole led to the
conclusion that €has the largest probability of undergoing an
electrophilic attack? This conclusion is also supported by
experimental results:1t APAs, calculated for all the indole
derivatives here considered, are collected in Table 1.

The insertion of a methyl group into one of the carbons of
the pyrrol or phenyl rings clearly activates the electrophilic
attack at all positions with the exception of the ipso one. The
specificity of ipso positions may be due either to steric hindrance
or to electronic effects and will be discussed in the next section.
As a general rule, it can be stated that substitutions in a certain
ring mainly activate the carbons of that ring, indicating the
prevalence of inductive effects for this substitution. However,
some exceptions to this rule can be observed in Table 1, showing
that not only the inductive effects are responsible of the
activating ability of —CHs. For instance, the most activated
position of 6-methylindole is & which is quite far from G.
Also, the most activated positions of 4-methylindole and
7-methylindole are, respectively;@nd G. All this evidence

rise to products other than the attachment of the proton to theindicates that the activating ability ef CHz cannot be solely
selected position of indole. The magnitude of basis set super-explained by arguments based on inductive effects.
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The insertion of fluorine into the pyrrol or phenyl rings clearly TABLE 2: QTAIM ¢ and & Ring Electron Populations, N°
disfavors the protonation at all positions with the exception of and N7R], for Indole (R = H), in au, and Corresponding

C, and G for, respectively, 3-fluorineindole and 4-fluorinein-

Relative Values for Planar Indole Derivatives,AN? [R] and

dole. The large-I character of fluorine is clearly reflected on
the ipso positions where the most negatheAs are found for
all the substitutions. The nitrogen atom is an exception to this

rule that can be explained by its high electronegativity. Also,
the behavior of fluorine derivatives cannot be uniquely explained
by the —I character of this atom. Thug&\PAs for protonations

at ortho and para sites are significantly less negative than the
rest. This can be explained by accepting that fluorine has a small
mesomeric electron-releasing characteR].

The amino group is an example efl and +R character.
Thus, ipso positions are significantly deactivated, showing
negativeAPAs, whereas the remaining positions are activated,
showing large positivAPAs. The+R character of~-NH, is
quite important as can be derived from the higlAA values of
each substitution, which always exceed 81.0 kJ thoThe
position with largest mesomeric effect is located in the
substituted ring. Thus, substitutions at,\C;, and G mainly
activate the pyrrol ring and substitutions af, Cs, Cs, and G
mainly activate the phenyl ring.

Finally, the nitro group is an example of inductive and

mesomeric electron-withdrawing characterl @nd —R). The
former is reflected on thAPA values at ipso positions, which
are highly deactivated; in fact, they are the most deactivated
positions. The only exception is observed for 2-nitroindole,
where the most deactivated position is thea@d not the &
We think this is because of the competitive inductive effects of
the two attached nitrogens. Once again, the position with the
largest mesomeric effect is located in the substituted ring as
happened for-NH,.

For all the R groups, the mesomeric effects within the phenyl
ring are intensified in para and ortho positions, although the
effects are most significant in para. Thus, the most activated
positions are ¢and G, respectively, for substitutions at;C
and G when R= —CHjs, F, and NH, and the second most
deactivated positions are;@nd G for, respectively, substitu-
tions at G and G when R= —NO,. Also, there is clear
evidence of mesomeric effects between atoms from different
rings. Thus, looking at thAPA values in Table 1, we observe
that the substitution at Javors (or disfavors) the protonation
of carbons G and G and vice versa. Another remarkalA®A
value is obtained for Nin 3-nitroindole. This highly negative

AN~ [R]?
pyrrol phenyl
SP s p S p
H 25.651 5.779 29.691 6.004
CHjs 1 —-1.3 1.1 0.8 1.0
2 -1.6 2.0 -0.2 1.3
3 —-2.1 2.2 0.2 1.1
4 -0.2 1.7 -2.5 3.3
5 —-0.7 1.2 —2.7 3.1
6 -0.6 1.4 -2.8 3.0
7 -0.1 1.4 —2.6 31
1 —64.2 5.8 -5.6 -0.1
2 —66.6 4.6 -3.1 1.7
3 —65.8 6.1 —4.1 0.1
4 —5.7 1.1 —63.3 6.5
5 -2.6 0.5 —61.5 5.6
6 =27 0.9 —62.2 51
7 -55 1.0 —63.2 6.2
NO, 2 —-33.1 -6.9 1.2 -9.0
3 —34.7 —6.1 1.1 —6.2
4 -0.7 -7.1 —29.5 -3.0
5 0.9 —6.2 —28.5 —-4.7
6 1.8 —6.8 —27.8 -3.8
7 0.5 —-8.7 -31.7 —6.0

aln au with regard to those of indole and multiplied by?.10SP
denotes substituent position.

The mesomeric effect of CHs is due to the conjugation of
one of the MOs localized at the out-of-plane-8 bonds (the
A" MO) and thexr MOs from the rings. The RM calls the
mesomeric effect of-CHs; “hyperconjugation” and represents
it by a resonance structure where the C from-tt&Hs is doubly
bonded to the ipso C from the ring, adopting kgbridization,
and a free proton.

It can be observed that nitrogen acts as a small barrier for
the electron conjugation betweerCHs; or —F and the phenyl
ring, since the smallesAN"[R] electron population is found
when the substitution takes place on this atom. FhO, group
displays negative values of relative ringelectron populations
that are larger, in absolute values, than those 6Hz; and—F,
reflecting the large mesomeric electron-withdrawing character
of this group.

According to the negativeAN‘[R] values obtained for

value is associated to a resonance form that releases electrofethylindole derivatives, and contrary to that generally assumed,

density into the N@group leaving a formal positive charge on
N1. All of this stays in line with the RM.

o and & Atomic Electron Populations and Fukui Indices.
According to traditional interpretations, inductive effects and
mesomeric effects are mainly related to variation @nd
electron populations, respectivéljHowever, no quantitative
simple relationship has been found between atomic electron
populations of the neutral form and PAs. Thus, we can only
establish qualitative relations between both properties.

Tables 2 and 3 collect, respectively, the valuesrand
ring and atomic electron populations for all planar indole
derivatives. The geometry of the amino indole derivatives is
not planar, which mixes up the and 7z MOs and impedes
performing thes—z partitioning. Looking at the values of Table
2, the mesomeric electron-releasing character@©H; and—F
is clearly reflected on the values of the relative ringlectron
populations AN?[R]; these are always positive for both pyrrol
and phenyl rings, being larger for the substituted ring. Also,
the mesomeric effect of-F is larger than that of-CHs.

the QTAIM results point to an electron-withdrawing character
for —CHjs instead of electron-releasing. These results probably
stem from the slightly negative QTAIM charge of Hs in methyl
groups. The loss af electrons by the rings is partially recovered
via 7 donation from—CHjs as explained above. TheN’[R]
remaining groups confirm the expectatiord; and—NO; are
highly electron-withdrawing groups.

The relativerr atomic electron populations collected in Table
3, AN*(Q2), are in qualitative good agreement with th&A
values (Table 1) for—CHs. Thus, the most activated atoms
correspond to the large®N7(Q2) values for substitutions in
the pyrrol ring, and the two most activated atoms correspond
to the two largestN*(QQ) values for substitutions in the phenyl
ring. Also, N7(€2) values shed light on the issue of the origin
of the small deactivating ability of CHj at the ipso carbons.
Ipso carbons display negative values/Adf"(Q2), whereas the
remaining carbons all display positive or very small negative
ones. Moreover, the values adfN’(Q2) are also negative for
these atoms, contrary to that found for the most activated atoms,
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TABLE 3: QTAIM ¢ and & Atomic Electron Populations, N°(Q) and N#(Q), for Indole (R = H), in au, and Corresponding
Relative Values for Planar Indole Derivatives,AN?(€2) and AN7(€)2

R Sp 1 2 3 4 5 6 7
H N7 1.717 0.983 1.062 0.982 0.999 0.988 1.017
N7 6.350 4.688 4.963 5.023 5.012 5.017 4.989
CHs 1 AN" —0.6 0.5 0.6 0.0 0.1 0.1 0.2
AN° -1.7 0.3 —-0.1 0.0 0.0 0.0 0.6
2 AN" 0.7 —-0.5 1.9 0.4 0.2 0.4 0.3
AN -1.1 0.2 -11 -0.2 -0.1 —-0.2 -0.1
3 AN" 0.7 2.0 -0.9 0.3 0.2 0.1 0.1
AN° —0.5 —-0.8 -0.9 0.2 —-0.2 0.1 0.0
4 AN" —-0.1 0.2 0.2 —0.5 1.6 —0.1 0.9
AN° 0.2 —-0.1 0.4 —0.5 —-0.9 0.1 —-0.5
5 AN" 0.1 0.2 0.2 1.8 —-0.5 14 -0.3
AN —-0.1 —0.2 —0.1 -13 —0.6 —0.6 0.1
6 AN" 0.1 0.7 0.0 -0.3 15 —0.5 17
AN —0.2 —-0.1 0.2 0.2 —0.7 —0.6 —-1.2
7 AN" -0.1 0.3 —-0.1 0.8 0.0 1.6 —0.6
AN 0.4 —-0.1 0.1 —0.6 0.0 —-0.9 —0.6
F 1 AN" 2.2 0.9 0.3 —0.5 —-0.3 —-1.0 —-0.7
AN? —55.2 —2.5 —-1.8 —-0.1 —-0.1 0.3 —1.0
2 AN" 11 —-11 3.0 0.5 —0.5 0.4 -0.3
AN° —2.8 —55.8 —6.4 —-0.9 0.2 —-0.4 —0.4
3 AN" 11 3.7 —0.6 —0.5 —0.4 —0.6 -0.3
AN° —2.4 —4.9 —54.5 —-0.2 —-0.1 0.3 -0.1
4 AN" —-0.4 —-0.2 —0.5 0.7 2.7 —0.6 15
AN 0.0 —0.2 —0.7 —51.5 —4.7 —0.5 —-18
5 AN" 0.0 -0.8 0.4 2.8 0.5 2.4 —-0.1
AN —0.2 0.0 —0.6 —5.0 —50.5 —0.4 —0.2
6 AN" 0.0 0.6 —-0.4 -11 2.4 0.5 2.7
AN —-0.3 0.1 —0.1 —-0.3 —4.0 —50.9 —4.7
7 AN" -0.3 -0.5 —0.2 15 —-0.5 2.7 0.5
AN —-0.1 0.0 —0.2 —-18 —0.6 —4.6 —51.0
NO, 2 AN" —-1.6 4.5 —7.5 —-1.7 -13 —-29 —0.8
AN° 0.5 —34.6 2.5 0.6 0.4 1.8 -0.1
3 AN" —3.0 —8.5 4.1 —2.8 —2.2 —-1.6 -0.9
AN° 2.9 —1.0 —34.7 0.9 1.2 0.7 0.2
4 AN" -0.8 —2.9 —25 7.3 —5.2 —0.3 —-3.9
AN° 1.0 11 —-05 —30.4 2.0 -13 2.5
5 AN" -13 -0.9 —-15 —4.9 6.8 —3.2 -0.9
AN 0.9 0.7 0.2 15 —28.9 0.5 —-0.7
6 AN" -11 -3.0 —-0.7 —-0.7 —-3.3 7.1 —-4.9
AN 0.8 0.9 —0.2 —-0.9 0.7 —29.3 14
7 AN" —3.8 —-1.7 —0.8 —4.4 —0.6 —4.7 6.1
AN 3.6 0.7 0.1 2.9 -11 1.8 —31.4

2n au with regard to those of indole and multiplied by?10SP denotes substituent position.

which show negative values but positiver ones. Summarizing  oxygens, which is reflected on large negativl’(Q) values.

for —CHj, this group is—I contrary to that traditionally assumed It has to be remembered that the most negatiPés correspond
and+R, which is responsible for the activating ability of this to the ipso carbons when the substitution takes place in the
group. phenyl ring.

In fluorine, the effect oty electron population overshadows Now, let us check the ability of Fukui indices to predict
thes one. The large negativ&N°(Q) values ruleAPA at the activating/deactivating abilities of the-R groups in indole.
ipso carbons with the exception of N-substitution. However, Table 4 collects the values 6f (2) calculated from eq 4 for
the mesomeric effect is present and plays an important rule for all the indole derivatives with regard to indole callad—(<Q)
the remaining atoms. So, it can explain the small posiii?é\s from now on. Activating and deactivating abilities of the
of C7 in 4-fluorineindole and ¢in 7-fluorineindole (atoms in different groups will be shown by positive and negative values
para position); both €and G display significant positive value  of Af 7(Q), respectively. The Fukui index as approximated by
of AN7(Q) in these molecules. AlsaAN*(2) is significantly eq 4 only depends upon the electron density of the highest
positive for the atoms attached to the substituted carbons (atomsccupied molecular orbital (HOMO). Thuk; (€2) could cor-
in ortho position), which explains their small deactivation. relate well with the energy profile at the first stage of the

Summarizing for—F, this group is indeee-Il but also+R. process, which is useful for reactions that show early energy
The ortho and para deactivating ability ©NO, is reflected barriers, but it is useless when thearomatic system has been
on theAN"(Q2) values. So, the largest negative values correspond broken and ther MOs have changed substantially. Anyway,
to these atoms for all substitutions. Moreover, hB"(€2) some trends can be distinguished unequivocally from the
values also predict the mesomeric effect betweera@ G, values in Table 4. The mesomeric para and ortho activating

and these atoms display values/ifi*(€2) that stand out over  ability of —CHs, —F, and—NH is reflected on the positive

the other atoms (with the exception of atoms in ortho). The values ofAf ~(Q2) for C, and G in substitutions at €and G,
electron-withdrawing character 6fNO; is intensified at the respectively. On the other hand, the same atoms display negative
ipso carbons because of the electronegativity of nitrogen andvalues for nitro-indole substituted at;@nd G, showing the
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TABLE 4: QTAIM Condensed Fukui Indices, f (), Calculated for Indole (R = H), in au, and Corresponding Relative Values

for All the Indole Derivatives, Af ~(€2)2

R Sp 1 2 3 4 5 6 7
H 0.253 0.294 0.447 0.308 0.058 0.236 0.237
CHs 1 0.050 —0.053 0.029 —0.023 0.015 —0.040 —0.003
2 —0.074 0.036 0.014 —0.030 —0.027 0.037 —0.060
3 0.043 0.022 0.004 —0.042 0.006 —0.048 —0.031
4 —0.028 —0.027 —0.054 0.006 0.022 —0.009 0.033
5 0.023 —0.036 0.005 0.030 0.024 —0.041 0.009
6 —0.057 0.052 —0.056 —0.058 —0.035 0.049 —0.009
7 0.003 —0.056 —0.041 0.036 0.023 0.001 0.026
F 1 0.065 —0.106 0.006 —0.004 0.061 —0.077 0.051
2 —0.116 0.023 —0.017 —0.030 —0.033 0.075 —0.071
3 0.054 0.027 —0.036 —0.044 0.007 —0.048 —0.030
4 —0.016 —0.044 —0.048 —0.015 0.036 —0.026 0.054
5 0.064 —0.082 0.032 0.046 0.053 —0.094 0.003
6 —0.069 0.076 —0.058 —0.074 —0.039 0.030 —0.025
7 0.011 —0.079 —0.043 0.057 0.043 —0.013 0.012
NH> 2 —0.197 0.016 0.004 —0.110 —0.027 0.060 —0.173
3 0.061 0.092 —0.085 —0.165 —0.002 —0.135 —0.127
4 —0.109 —0.139 —0.236 —0.044 0.150 —0.104 0.126
5 —0.037 —0.272 —0.320 0.014 0.236 —0.156 —0.102
6 —0.158 0.025 —0.253 —0.185 0.011 0.022 0.004
7 —0.037 —0.208 —0.214 0.101 0.066 0.013 0.037
NO> 2 0.058 —0.113 —0.112 0.042 0.060 —0.050 0.092
3 —0.061 —0.108 —0.107 0.044 0.000 0.016 0.054
4 —0.010 0.040 0.057 —0.066 —0.037 0.013 —0.095
5 —0.015 0.038 0.020 —0.048 —0.016 0.026 —0.032
6 0.021 —0.030 0.037 0.003 0.040 —0.050 —0.056
7 —0.017 0.068 0.065 —0.079 —0.020 —0.063 —0.071

aln au with regard to those of indole and
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Figure 2. zzcomponent of the atomic quadrupole tens@s{<2), vs
the r atomic populationsiN*(Q2), for the carbon atoms of the indole
derivatives studied. The values are relative to those of indole\die
(Q) is multiplied by 16.

mesomeric deactivating ability 6fNO,. Also, the conjugation
between G and G is displayed by the values &f ~ (Q) for
all the—R groups. However, the remaining atoms do not show
values ofAf ~ (2) that could be directly connected to theAs.
Other Indices Obtained from the Electron Density. The
values ofQ,{€2) as calculated from eq 3 follow the same trends
shown byN?(Q). Thus, the mesomeric effects found fe€CHj,
—F, and—NO, can also be deduced from the relati@g(<2)
values, AQ,{Q). Also, the values oAQ,{<2) for ipso carbons
follow a similar trend asAN*(2). Figure 2 displays the good
linear correlation found betweeNQ,{Q2) and AN*(Q) for
indole derivatives with R= —CHjz, —F, and—NO,. The ipso

multiplied by?1'0SP denotes substituent position.

TABLE 5: QTAIM Q,{€) Values for Indole (R = H), in
au, and Relative AQ,{€2) Values for Amino Indole
Derivatives (in aup

sP 1 2 3 4 5 6 7
H —2.530 —3.400 —3.740 —3.300 —3.460 —3.380 —3.470
2 6.6 433 —-331 —-94 04 -85 -08
3 —6.0 -—-419 500 -25 387 -09 -19
4 15 —-63 —438 43.3 —-36.0 7.4 -27.6
5 -16 -09 -79 -36.2 48.3 —24.6 7.6
6 —30 -143 19 9.0 —25.3 485 —353
7 100 -—-25 22 -21.0 6.5 —30.5 41.7

aThe values are shown in au with regard to those of indk8e.
denotes substituent position.

see, the inductive electron-withdrawing character®fH, is
reflected on the values &Q,(Q) at the ipso carbons, which
are positive, indicating a decrease of the absolute values of
Q-A<2) with regard to indole. Moreover, the mesomeric electron-
releasing character is found at the ortho positions (the most
negativeAQ.{<2) values) for substitutions on the phenyl and
pyrrol rings and para positions for substitutions on the phenyl
ring. The electron conjugation betweer, @nd G is also
reflected on the\Q,4{R2) values as these atoms show significant
negative values.

We have also computed the valuesBp(r) at the secondary
charge concentrations. Unfortunately, this property seems to be
very sensitive to the atomic environment, and no correlation is
found with the PAs for the carbon atoms of indole and indole

and ortho carbons show specific character because of thederivatives. In Figure 3, the plot 6f?o(r) versus PA for indole

proximity of the substituent.
As an advantage oveAN*(Q), AQ,{Q) does not need
previous partitioning of the electron density into and &

is shown. As one can see, the representation is a scattering,
and the same occurs in the remaining molecules studied. We
can conclude that this property, contrary to that found for

densities, so that the mesomeric electron-releasing character obenzene derivative’$,is not a reliable estimator of the nucleo-
the amino group can also be studied. Thus, Table 5 collects thephilic/eletrophilic character in heteropolycycles such as indole

values ofAQ,{<2) for the amino indole derivatives. As one can

derivatives.
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Figure 3. Laplacian of the electron density at the secondary charge E. B. J. Am. Chem. Sod.971, 93, 5102.

concentrations, SCC, vs the proton affinity of the carbon atoms in

indole.

IV. Concluding Remarks

Activating and deactivating abilities of several R substituents

(—CHs, —F, —NH,, —NOy) in indole have been theoretically

(12) Tomig S.; Ramek, M.; KojieProdicg B. Croat. Chem. Actd 998
71, 511.

(13) Somers, K. R. F.; Ceulemans, APhys. Chem. 2004 108 7577.

(14) Otero, N.; GonZaz-Moa, M. J.; Mandado, M.; Mosquera, R. A.
Chem. Phys. LetR006 428 249.

(15) Alagona, G.; Ghio, C.; Monti, Sl. Mol. Struct. (THEOCHEM
1998 433 203.

(16) Sun, M.; Nelson, A. E.; Adjaye, J. Mol. Catal., A: Chem2004

studied using a series of electron density based reactivity indicesyyy 223

previously used in benzetfeand urach#! derivatives. An

(17) Bader, R. F. WChem. Re. 1991, 91, 893.

energetic scale based on the proton affinities has been employed (18) Bader, R. F. WAtoms in Molecules: a Quantum Thep@xford
to check the validity of these reactivity indices. The absence of University Press: New York, 1990.

kinetic control in the protonation of an aromatic ring makes

(19) Bader, R. F. W.; Chang, Q. Phys. Chem1989 93, 2946.
(20) Cioslowski, J.; Martinov, M.; Mixon, S. TJ. Phys. Chem1993

the proton affinity an adequate property for measuring the g7 1094s.

electronic activating or deactivating effects of a substituent.

(21) GonZéez-Moa, M. J.; Mosquera, R. Al. Phys. Chem. 2006

Relative proton affinities reflect the ortho and para orientation 110 5934.

ability of —CHs, —F, and —NH; groups, whereas the large
deactivating effect of—NO; is mainly observed at these
positions. Also, substitutions in carbons 2 and 6 (IUPAC

(22) Sordo, T.; Bertran, J.; Canadell, E.Chem. Soc., Perkin Trans. 2
1979 1486.

(23) Bader, R. F. W.; Chang, Q. Phys. Chem1989 93, 5095.

(24) Mandado, M.; Mosquera, R. A.; GranA. M. Chem. Phys. Lett.

nomenclature) activate/deactivate carbons 6 and 2, respectively2004 386, 454.

Inductive effects are also reflected on the values of the relative

proton affinities. The—CHs; group is shown to have inductive

(25) Mandado, M.; Van Alsenoy, C.; Mosquera, R.JA.Phys. Chem.
A 2004 18, 7050.

(26) GonZéez Moa, M. J.; Mosquera, R. Al. Phys. Chem. 2003

electron-withdrawing character instead of electron-releasing with 107, 5361.

its activating ability being due to a small mesomeric electron-

releasing characterr atomic electron populations and thke

component of the atomic quadrupole electric tensor qualitatively Let(

explain the order of proton affinities. Fukui indices ap-

(27) GonZéez Moa, M. J.; Mosquera, R. Al. Phys. Chem. 2005
109 3682.
28) GonZ&ez Moa, M. J.; Mandado, M.; Mosquera, R. 8hem. Phys.
t. 2006 428 255.
(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

proximately predict the results obtained by the previous proper- M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

ties, whereas no correlation is found between laplacian of the
electron density at the secondary charge concentrations and th

proton affinity scale.
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