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AMrae&It is shown that an ekctrophilic attack on the ring nitrogen in pymk or tryptaminc produces an electron 
m redis&utioa that is qu&ativety Merent from the red&iition caused by an attack WI the oxyp~~ in 
funn. The ekcW3philic attacks arc repreScnted thcoMSy a8 interaction8 with 8 poGtive point charge and 
cakulatal by an ab-i&o LCASSCP method with -ian basis wta. Results show that an attacked m 
responda to the perturbation by moving electronic cbpge to the adjacent carbons whereas oxygen retaina most of 
the ch8rgc polar&d by the interactton. The nitrogen also acta as a charge tnnsduat in other systems that 8re 
rtructur8lly very d&rent. As a connequcncc of the charge redistribution, the comparative su8ceptiGlii of various 
rites in the heterocyclic molecules to an clcctrophilic attack stay also depend on the response of the mokcuk to a 
prior attack on the hcteroatom. The results indicate the need for dynamical reactivity considerations which n&t 
the variability in the molecular response to an incipient attack and the polsibility that enhancd reactivity can be 
induced at certain Bite8 by thi8 rmpon8c. 

While it is well established experimentally that elec- 
troptdic substitution in S-membered heterocycles such 
as furan, pyrrole and N-methylpyrrolc occurs 
predominantly at the a position,lA theoretical studies 
have found that the total electronic charge assigned by a 
Mull&en population analysis of the electronic charge 
distniition is larger on fl than on the a carbons? We 
have shown that the heteroatom is instrumental to the a 
us fl selectivity in these molecules because it generates 
an electrostatic field that attracts positively charged 
reagents to the region of the a carbons, thereby increas- 
ing the probability of a protonation.7 In this respect, the 
effect of the heteroatoms on the reactivities of furan and 
pyrrole appeared qualitatively similar. Here we report 
some theoretical observations on sign&ant di#ercnces 
in the reactivity characteristics of 0 and N containing 
heterocycks, caused by the apparent ability of N atoms 
to transfer electronic charge to adjacent centers follow- 
ing au interaction with an electrophile. This special 
characteristic of the N atom becomes evident when the 
redistribution of electronic charge density in the molc- 
cuk in which the N atom is attacked, is compared to the 
charge redistribution following similar attacks on a rir~ 
carbon or an 0 atom. Dynamical aspects of the behavior 
of the electron density of the N atom are ilIustrated here 
by a comparison of the consequences of an electrophilic 
attack ou the C atoms and the heteroatoms in pyrrole I, 
furan 2, and tryptamine 3. The pattern of the electron 
density redistriiution in interact& systems is discussed 
with respect to the definition of criteria for molecular 
reactivity. 

Thaorctic~ simulution of the interaction 
(a) CompWutiorurl methods. AU tbc calculations were 

performed in an ab-initio LCACLSCP s&me, ttab the 
POLYATOM programs.’ The atomic basis for the Cal- 
culation was that of Whitman and Hornback” with 5Qp 
gaussian orbii on heavy atoms and two s-type pm- 

tRtsentedinprrtIttht71hneioPalmee~oftheACSio 
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sians on hydrogens, contracted to a minimal basis. In the 
molecular orbital (MO) representation, the electron den- 
sity of a molecule A at each point (p) in space is 
calculated as 

where 4, are the set of real occupied MO and n, is the 
number of electrons in each orbital. This is a continuous 

function defined at each point in space, in contrast to the 
charge distribution represented by the Mulliken popu- 
lation anaIysis,‘O in which the total electronic density is 
arbitrarily partithed into discrete point charges (Q) 
centred on each atom o by a scheme 

(2) 

wheie Ctl is the coe&ient of the atomic orbii i in the 
mokcular orbital At and S, is the overlap between atomic 
orbitals i and I. 

The electron density distriiution in tbe molecules, 
[PA(r)], is presented in the form of density maps which 
contain contours connecting all the points at which the 
electron density is identical (is&n&y maps) in a given 
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plane. The electronic density is expresse4l as the number 
of ekctrona per cubic atomic unit (e/a.u?; lau. = 0.529 A,. 
The redistriition of the molecular ekctron density caused 
by a change in the system from state A to B [e.g. 
unperturbed malecule (A) DS mbcuk uuder attack (B)J, 
are presented here by density difIerence maps [pAJ/)] 
which represent iso-deasity contours of the difimce 
between the density at a given point as ganerated by the 
system A, and the density that system B generates at the 
same point. 

The most probable sites and spometries for an ekc- 
trophilic attack are examined from the maps of elec- 
trostatic potential V(a. The el~~s~~ potential VA(?) 
generated by a mokcuk A in its surroundings, is 
numerically equal to the energy of intera&on of a posi- 
tive point charge of unit magnitude with the unperturbed 
mokcule A, Rcgims in which VA(t) is negative will 
therefore correspond to sites attractive to positively 
charged species, whereas regions in which V,(r) is posi- 
tive correspond to sites of repulsive interaction with 
such reagents (Ref. 7 for ~~~ d&ails). Altbugb 
any positive reagent will have a perturb& effect on the 
molecule and would cause the absolute value of the 
interaction energy to be different from that given by 
VA(F), the electmst& potential haa been shown to 
provide an excellent index of mokcular reactivity.” Its 
special rigni6cance as a reactivity criterion is enhanced 
by the fact that it represents an experimentally measur- 
abk quantity, obtain&k as the ‘Matic potential” by 
scattering of high energy electrons from mokcuks? 

The ekctrostatic potential V(r) is calculated from tbc 
mokcular density distniiution p(i) obtained from the 
ab-in&u computes, 

(3) 

by a procedure de&bed in Ref, 13; it is represented in 
maps displayinq contours of equal interaction energy of 

the Unpcrtur&d molecule with a positive point charge. 
The unita are Kcal/n@e. 

(b) Gsontetrie~ and c&u&tad awgia. The geometries 
of furan and pyrroie used in the calculations are the 
samtasthoscwe~inRef.?.Thceaergycaicufated 
for pyrrok is -207.945223 harttees, lower than the one 
obtained by Ckmenti d al. for the same geomctry.‘4 This 
improvement is probably due here to the expansion of all 
the 2s orbital8 in 5 rather than 3 gaussian basis fu~ons. 
The energy obtained for furan usit~ the same basis set is 
-227.683237 ~~RXS. 

The calculations on tryptamine were performed with 
the averaged c~s~~~ ~rne~ proposed by 
Falk~nlterg,‘~ with the side chain in the fully extended 
conformation (for details see Ref. 16). The calculated 
energy is -42.48WWhartrWs. 

(c) G~~~~ of ~~~~ witk the ~~~~~~ An 
ekctrophilic species was simulated by a positive point 
charge kept at a tied distance of 2A from the atom 
under attack, The incipient ekctrophilic at&& on an 
atom was cakulated by placb the point charge either 
directly above the center, or at an angle of inciience 
obtained from the position of the correspondin mini- 
mum in the ekctrostatic potential map (see below). 

For planar pyrrok, the ekctrostatic potential map (I?%. 
1) reveals only that the region most suscepuik to an 
at&k is perpendicular to the ting However, when the 
N-H bond is slightly bent (Le. 8 is between &3@), in 
agreement with experimental evidence,” a strongly 
negative region appears above the N atom (Fe 2). ‘Ibe 
angk of inciieoce of this new minimum (W off a per- 
pendicular to the plane through the N center) provided 
one dire&on for the caIculation of an at&& by the 
ekctrophik. This type of approach, along the axis con 
netting an atomic center with the potential minimum 
generated by bending of an X-H bond, will be referred to 
a!4 the “teU appraach”. we also perfOrmed Cal- 
cafe in which the ant elope attack was 
simulated by pm the point charge diitly above the 
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Fig. 2. Molecular clectrostaGc potential map for pyrrole with bent N-H bond. s# insert and Fig. 1 for details. 

* atom, nitrogen say, at a distance of 2 A. This direction 
wiil be rtftrrtd to as tht “ptrptndicUlar approach”. 

We bwt previously descrhtd a mechanism by which 
outafqlane distortions, of both the N-H and t&t C-H 
bond at an attacked center arc essential of the dynamics 
of protonation for these heterocycles.’ Thus, local 
minimrraregeneratedabovethc~or~carbonswhtnthe 
~pcmding C-H bond is bent out of the molecular 
plane, as shown iu Fii. 3. In the case of c, protonation, 
wt showad' tbrtt tht attacking proton movts in a fully 
mtivt (mgahe) potential fitld around the h&r+ 
atom and the bent C-H bond, toward the minimum 
genera&d in a tetrahedral positha at the acarbon. For 
the tcfrehcdrel uppmch to the carbons, the attacking 
point charge was therefore positioned 2A from the c 
atom along the axis connecting ‘its center with the mini- 
mum generated in the eltctrostatic potcn~ f0~~~ 
out of plane be* For comparison (see below) we also 
~0~ ~C~~~ with the ~~~~~ U~~~C~ 
on the carbons with the C-H bond tither kept planar or 
bent out of plane. 

For furan, the +Maction with the oxygen was cal- 
~~~~~~tc~p~~~~l~ 
plar~, at ZA from the httcroatom. this geometry was 
i&cated by the position of tht strong ~~ in &e 
&ctrostatic potential map of furan (Fii. 4). The attack 
was simulated along the biictor of the cw-c a&t. All 
aaaCk3 on carbon atoms in furan and tryptaminc were 
fzak&ed in the perpendicular approach. 

In all cases d&Used below, the lVd&ibution of the 
ekctronic charge caused by the clectrophilic attack was 
studied from dtnsity difference maps @,& in par&l 
planes. At IA above the mokcuk, a region that is 
sign&ant for reactivity, the p&B map describes m.ainIy 
m induced in the ~cltctron density, Tbc cor- 
rCspoI%Iing chan.gCs in the u-electron frame were 

. 

examined in parallel plants at 0.2~ A above tht molecule. 

Fy~urc 5 shows the changes that an cIcctrophiIic attack 
on the N atom induced in the tlectron density of pyrrole 
in a plant 1 A above tbt mokuk. A comparison of Fii. 
5(a) and (b) indicates that the results are qualitatively 
identical whether the molecule is kept planar (a) or the 
N-H bond is bent 3V (b). For each case, the density 
distribution in the attacked molecule (with N-H planar or 
bent, respectively) is subtracted from the density of the 
corresponding ishted molecule. Consequently, the 
negative contours indicate the regions in which elec- 
tronic deosity is accumulated following the clectro- 
philic attack. The main characteristic 
of the charge r~is~bution following the attack 
is that more charge is accumulated on the a 
carbons than on the N atom itself. +I’his result is fun- 
damentally different from the charge redistriitioa 
observed after an attack on tither C, or Ce Thus, Fii 6 
presents tbt density difftrtnct maps for electr0pGl.i~ 
attacks on C, and Cb Pig. 6(a) and 6(b), ~s~tively), 
showing that the charge accumulates on the attacked site 
rather than 05 ~~~~ centers. Fii ‘7 shows that 
identical results are obtained from the density diffcrtncrer 
maps of the bent species (i.e. bent N-H and C--H; bent 
N-H and CB-H), interacting with the positive charge. 
This imlicates that the characteristics of the electron 
density redistriitions are independent of the geometry 
distortions that are considered to occur during inter- 
action.’ Rather, these redistriiutions are caused by ckc- 
tronic properties inherent to that particular molecular 
Structtut. 

Rmdt~ obtained from the simulation of an electro- 
philic attack on the 0 coning heterocyclt, furan, 
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Fi 6. Electron density tcdistthtioa following attack on ting catbons in planat pynok. See inactts for p&ha md 
Fa 5 for details. 

indicate that the behavior of the heteroatom here is 
qualitatively very different from that of the pyrrole N. 
Fyrure 8 shows that unlike the results in pymde, the 
electron density redistribution following an attack on the 
0 in furan is much huger bn the attacked center than on 
the M&IMB. Unlike the N, the 0 atom does not 
transfer t&e polarized charge to its neighbors. The redis- 
tribution caused by a similar attack on either C, or Cb 
(FI 9) is very similar to the results shown in Fm. 6 and 
7 for pyrrole, showing an accumulation of density mainly 
above the site of the interaction. The response of the ring 
carbons to the attack is identical in both beterocyclic 
compamds but tbc hctaoahms respond differently. 

The changes in tbc density corresponding mainly to 
the redistribution of the crclcctro~ followinp an attack 
on the heteroatoms is shown in PI. 10. Here the 

similarity between the N and 0 contain& mokcuks is 
much greater but the ~1-111 still capture a greater 
share of the polarized charge in pyrrok than in furan. 
Theekctroncbargt~reducedontbeBcarbonsinboth 
MS. 

Qualitatively identical ch8rge redistriiutions are 
observed following ekctrophilic attacks on the N in a 
variety of structurally very Merent systems. For 
example, tbc mechanism of charge transduction by N has 
been observecV4 in tbc calculation of a reaction between 
NH,andHCl,wberetheNbaabeeashowntoactasa 
‘3ispatcber” of ekctronic chatge that is polarized by the 
intendon ad traded from tbe amine hydrogens to 
the Cl atom. Simibdy, our studies on indoledkyl- 
amines19indicatedtlmtanekc~~attackoIlthe 
idole N in txyptamine ad 4, S-, 6 and 7_hydroxy- 
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f&an. Attacks on carbons in any of the three mokcuks 
cause very littk cw ill the elccbm charge assigned 
by the population analysis to the adjacent centers. 

since the attack of an ekctr~pbile was simulated here 
with a positive pint charge, it was impurtant to check 
whether charge milsfer and LIEU ~~~ti0~~ 
bemen the &#8cLad mkule and the reagent might 
change the qave picture. This was hN&ated ia 
several test cases with t& ekctmphik simulated by a 
po8itive hydro#cn ion (H+) t0 w&h ekctronk Charge 
could be tramfermi by the hetmcyclic mokcuk during 
theatta&dueto~~lusionofba8isfunctiolls.An 

tcly for each mactaut by the dmsity beak maps 



Fig. 8. Electron density redistribution following in-plane (see insert) attack on the oxygen atom in furan. See text for 
choice of position and Fig. 5 for details on contours. 

described above. Such maps would now contain con- following an attack by H’ on the N, the charge on each 
tributions from the electron density of both reactants. acarbon is increased by O.O27e, while that on a j3- 
However, the Mulliken population analysis’* provides an carbon decreases by 0.044~ and the N loses 0.025~. The 
indication of the partitioning of the electronic charge. attacking proton gains 0.425e. Unlike the attack on the 
For pyrrole as a test case, such an analysis indicates that N, an attack on the acarbon causes an increase in the 
the charge transduction by the N remains operative: charge on that atom (by 0.026~) and a decrease in the 

Table 1. Mullikcn population analysis of the charge redistribution’ 

Attack at’ 
a,2 0 

Furan B,2 0 a,2 Pyrrolc Ttyptamint 2 

B,( 

hetcro al_,n 

C 
(or& 

C, 
(or W 

cd Cl’ 
6.0% 6.056 

(-0.017) (-0.017) 

6281 a.-274 

(-0.oo71 (-0.012) 

6.026 
(0.013) 

CL2 

‘c+c I c 
6.432 6.3 14 

(-0.158) (-0.041) 

A N 
7.475 

. (-o.ow 
cm C 
6.173 6.173 

(-0.063) (-0.063) 

A N 
7.485 

(-0.085) 

c2 C8 
6.165 5.990 

(-0.082) (-0.078) 

7.403 
(-0.018) 

N 

\ 

/ 
c* 
6.283 

Cll’ 
(-0.173) 

6.101 

(0.009) 

GZ 

‘c; c,’ 
6.422 6.303 

(-0.160) (-0.041) 

7.421 
(-0.021) 

N 

c2 
/ 

(%3) \ 
c3 
6.073 

(-0.007) 

7.424 

(-0.029 
N 

\ 
C8 - C7 
6.081 6.267 

(-0.165) (-0.045) 

Wross atomic charges are piven for the attacked mokculcs. Values in parentheses are the net changes in the 
electronic charge on each center, with respect to the unperturbed ground state. Negative numbers indicate a net 
gain in ekctronic ch~gc. 

‘All attacks are on the planar mokcuks. 
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(a) 

Fig. 9. Electron density redistribution following attacks in the perpendicular approach (see insert) on: (a) the C, 
carbon, and (b) the C, carbon in furan. See Fu. J for dctaih on contours. 

charge of the neighboring N and flcarbon (by O.OOSe, 
and O.O71e, respectively). These results are in full 
agreement with the conclusions from Table 1, namely 
that an attack on the N causes charge to IX transferred 
to the neighbring atom, while the attack on a C atom 
causes an accumulation of charge at the site of attack. 

The charge redistribution observed here as a result of 
the incipient attack on the heteroatom (indicated by the 
electrostatic potential to be the most probable sites for 
an initial approach of a positive species) causes a change 
in the reactivity of the adjacent centers. In N containing 
heterocycks, this redistribution would cause the a-car- 
bons to become much more auckophilic than would be 
expected from their charge in the ground state; the 
@carboas would become less proton attractive. Com- 
bii with the attractive electrostatic potential around 
the heteroatom (which also make a substitutions more 
probable in furan)the cb redistriion geuerates a 
new reactivity pattern for the molecules; it is induced by 

the interaction itself. Traditionally, however, mainly 
static iudkes were used to account for experimental 
findings and attempts to try to predict reactivity: such 
considerations in&de net atomic charges and frontier 
electron densities for the molecular ground state. Other 
types of reactivity considerations, such as the stabiliza- 
tion of the end product by polarization and charge trans- 
fer are also important for the detemunatioa of site 
selectivity (e.g. due to polarizabiity, the predominant 
product of an electrophilic attack on indole in the C3 
rather than the C2 adduct”). Closer to a dynamical 
picture of reactivity are the energetical considerations 
related to charge separation in possible resonance struc- 
tures of tbc product but these descriptions lack a satis- 
factory formalistic basis and a scheme for quantication 
which can ScNe for accurate comparisons of reactivity. 
Our results emphasize the need for a consideration of the 
dynamkal components of the reactivity which reflect the 
changes murring in tht electronic~structure of the reac- 
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Electron charp rcdistrihtiun followins ekctrophilic attack on hctmcycks 

Fw 11. Ekctron density redistribution in a paraM plane at 1A above the indok portion of tryptamhe followha an 
ekctrophilic attack on: (a) the indolc aitqcn, and (b) the C2 carbon. Approaches arc perpcndicuhar. See Fw. 5 for 
details on contour lines, Contour values arc 1 x lo-‘, 0.5 x lo-‘, 0.3 x lo-‘ekctrons/a.n? respectively, starting with the 

innermost contour. 

tam at each stage of an interaction. Ckarly, static 
reactivity criteria should be applied to different atoms in 
different molecular structures only if the variation in 
their ~~spowe to interaction is also considered. 

Even more than in addition and substitution reactions 
in which the mode of stabilization of the final product is 
very important, the local&d dynamical response of the 
mokcuk to interaction should strongly affect long range 
riqg-~@ interactions such as in mokcular compkxes 
involving large betcrocyclic compounds. We arc cur- 
rently applying these dywnical reactivity criteria to the 
study of such interactions between bctcrocycks of 
biilogical importancc.1d’9 
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