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Theoretical Study of Reactivities in Electrophilic Aromatic Substitution Reactions: Reactive
Hybrid Orbital Analysis
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Orbital interactions in electrophilic aromatic substitution reactions of anisol, nitrobenzene, and some other
analogues were studied. A single frontier orbital (FO), i.e., the HOMO of substituted benzenes, particularly
of nitrobenzene, does not account for the regioselectivities of the reaction. We first applied configuration
analysis to identify the relative importance of orbital interactions between an electrophila (his work)

and the substituted benzenes. We herein defineghetive hybrid orbital(RHO) method for measuring the
reactivity of each carbon atom of substituted benzene. An RHO is made by combining all occupied molecular
orbitals properly so that the reactivity index for a reaction center, which is similar to superdelocalizability, is
maximized. The RHO reactivity indices,, poc, andpg,, were shown to predict correctly the experimentally
observed regioselectivity and reactivity in the electrophilic aromatic substitution reactions of anisol,
nitrobenzene, and other monosubstituted benzenes. Moreover, it was shown that the RHO values for carbon
atoms in a polycyclic aromatic hydrocarbon are in good agreement with experimentally determined partial
rate factors.

frontier orbitals (IFOSP and projected reactive orbitals (PRG%),
which have been developed by Fujimoto et al. These orbitals
include all the MOs relevant to the interaction of a reactant with
a putative reagent, making it possible to see what part of the
reactant participates actively in electron delocalization and what
Gchanges in bonds will be brought about in the reactfoi.
Accordingly, it is inappropriate to analyze molecular reactivities
in terms of a single FO and it is therefore not surprising that
the FO theory fails to predict selectivity of some chemical
reactions.

Although the IFO method can afford a means of extracting
orbital interactions compactly in terms of paired orbitals of the
reagent and reactant moieties by analyzing the wave function
of an interacting syster$,the PRO method® developed for a
reactant molecule in an isolated state is more suitable for
practical purposes, e.g., prediction of reactivities and selectivities
of chemical reactions. In the PRO method, the reference function
is defined as the AO contributions of the reaction center out of
the HOMO or IFO of a minimum molecule of the relevant
functional groups, and the function has been commonly applied
to molecules bearing substituents for obtaining reactive orbit-

Therefore, most textbooks of organic chemistry and physical als26 Unfortunately, this scheme limited the objects of analysis
organic chemistry avoid the use of FO theory in this case and by means of the PRO method to molecules having very similar
attempt to interpret this regioselectivity in terms of stabilization structure26 Therefore, in this paper, we propose a novel method
of the intermediate cationie-complexes, rather than in terms  to obtain a reactive orbital without use of a reference function.
of orbital interactions. The present method provides a reactive IFO-like orbital that is

The frontier orbitals are canonical MOs, and they are, in well localized around a reaction center and its energy level is
general, delocalized over a whole molectfleocal character-  high; therefore electron delocalization toward a reagent can most
istics of chemical reactions are not well represented by using efficiently take place through the orbital, which we will call
such delocalized MOs. This difficulty has been resolved by the reactive hybrid orbital (RHO).

Introduction

Electrophilic aromatic substitution is one of the most thor-
oughly studied reactions in organic chemistr§® It was to this
class of reactions that the frontier orbital (FO) theory was applied
for the first time by Fukui et ai??Since then, the FO theory
has gained general acceptance by the chemical community an
has been utilized to interpret reactivities and selectivities of
chemical reaction®® Nevertheless, the FO theory does not
predict meta selectivity in the electrophilic substitution of
nitrobenzenda11bThat is, the highest occupied molecular orbital
(HOMO) of nitrobenzene has equivalent amplitudes on the ortho
and meta positions as shown below, and thus the FO theory
predicts that substitution would occur at both positions.

NO,

\E*

employing some localized reactive orbitals, such as interaction
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The purpose of this paper is therefore 2-fold: (1) to clarify
the fundamental orbital interactions in electronic aromatic
substitution reactions and (2) to introduce a practical method
for obtaining a reactive orbital to estimate local reactivity of
molecules. The reactivity indices obtained here measure the
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power of a reaction center to donate electrons toward an Anisol

unoccupied reactive orbital of a reagent. \ \
It should also be noted that construction of reliable reactivity

indices is, in a practical sense, an important task in basic organic

chemistry, as well as in applied chemistry such as medicinal ]

chemistry, where trustworthy quantitative structdeetivity ! T

relationships (QSAR) are essential to the success of computer-

assisted drug desigRs.In particular, the electronic factor Woe (HOMO) Vor Vo

discussed in this paper is considered to be one of the most -0.305(-0310)  —0.335(-0.343) 0,462 (-0.464) —~0.524 (-0.530)

fundamental and significant components determining SAR.

Nitrobenzene

Calculations
Energetically stable geometries of anisol and nitrobenzene
were located on potential energy surfaces at the RHF/6-31G* = z

level using theGaussian 9&rogram?® Vibrational frequency

analyses were also performed to confirm that obtained structures V2 (HOMO)

correspond to energy minima. The wave functions and MOs
. * _ * -

calculated at the RHF/6-31G*//RHF/6-31G* or RHF/3-21G// Figure 1. a-type canonical MOs (RHF/6-31G*/RHF/6-31G%) and

*
RHF/§-3lG !evel Wgre then analyzed to get a deeper under- their energy levels (in hartrees) calculated at the RHF/6-31G*//RHF/
standing of interactions between reagent and reactant, ass31G*and RHF/3-21G//RHF/6-31G* (in parentheses) levels for anisol
explained in detail in the next section. Orbital representations and nitrobenzene.
were created with MOLEKEL 4.2, using a contour value of o
0.05529 TABLE 1: Absolute Values of Coefficients of the
One-Electron-Transferred Electron Configurations from the
MOs in Anisol, Nitrobenzene, or Benzene to the LUMO of

Lt Wag
—0.366 (-0.374) -0.374 (-0.383) —0.535 (—0.546)

Results and Discussion H* Calculated at the RHF/6-31G*//RHF/6-31G* and
) ) . . RHF/3-21G//RHF/6-31G* (in Parentheses) Levels
Configuration Analysis of the Interaction between Elec- | T
trophile and Benzenes.In textbooks, orbital interactions are 1GCi] (LUMO of H")
usually described in terms of canonical molecular orbttals. i (x MO) ortho meta para
Thus, we utilized those orbitals initially to analyze the orbital Anisol?

interactions in electrophilic aromatic substitution. To identify %2 (m2-typep ~ 0.231(0.236)  0.234(0.233)  0.413 (0.412)
how importantly each MO participates in the orbital interaction %28 (m=-type) 8-136"5 ((c())gg"'%) §'f51§ ((g-féff)) 8'35376 ((8-36335’3))
with an electrophile (H in this analysi_s), configuration Z 0.090 (0:101) 0.081 (02095) 0.067 (0:080)
analysig® has been performed. The analysis expands the wave

. . . Nitrobenzene
function of the combined system of a reagent and a reactant in e (Tstypef  0.370(0.373)  0.349(0.351)  0.000 (0.000)

terms of possible electronic configurations of two fragments Va1 (- type) 0.152 (0.154)  0.203 (0.205)  0.415 (0.419)

<

denoted here by, P26 0.153(0.158)  0.144 (0.150)  0.146 (0.151)
Benzeneé

W= CW,+ T Cw @ Y1 (1) 0.196(0.197)  0.196 (0.197)  0.421 (0.424)

& a0 (73)° 0.356 (0.359)  0.356 (0.359)  0.000 (0.000)

P17 0.155(0.160)  0.155(0.160)  0.155 (0.160)

whereW indicates the electron configuration in which the two aThe values for the ortho and meta positions on the same side as
fragments retain their original electron configurations in an the methoxy group?The HOMO.®For benzene, the position over
isolated state, ant¥,, represents an electron-transferred con- Which the amplitude of ther, MO was the largest was considered to
figuration between the two fragments or an electron-excited be the para position.

configuration within the same fragment. To show that notonly CHART 1: Degenerate HOMOs and LUMOs of

the HOMO, but also other-type occupied MOs participate  Benzene

significantly in electron delocalization in aromatic substitutions,

we take a simple model system, wherein a proton as an o/.\v\ /j/\,
electrophile is located 1.5 A above the carbon atoms of the ortho, Mo | p! A
meta, or para positions of the geometry-optimized benz&nes. k.” e O
In Figure 1, ther-type canonical MOs of anisol and nitroben- & &
zene are shown. Basically, coefficien@y for the electron- B

transferred configurations in which a single electron is shifted HOMO \i}
from occupiedr MOs of the benzenes to unoccupied MOs of O~ Q

an electrophile (M) have nonzero values, whereas the contribu- om m

tions from other configurations are negligitsfETable 1 shows
the coefficients for one-electron-transferred configurations, in of anisol andr; becomes the HOMO in the case of nitrobenzene

which an electron is shifted from an occupigetype MO of (Figure 1). As can be seen in Table 1, not only the HOMO but
the anisol or nitrobenzene fragment to the LUMO of thé H  also the otherr-type orbitals participate in the orbital interac-
fragment. tions. In particular, in the cases of ortho and meta substitutions

Upon perturbation of ther MOs of benzene, illustrated in  of anisol and para substitution of nitrobenzene, the contribution
Chart 1, by a substituent, the degeneracymefand 3 is of the HOMO-1 to the interaction is larger than that of the
removed. As a consequenee,becomes the HOMO in the case  HOMO. In Table 2, the most important occupied MOs in
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TABLE 2: Summary of Orbital Interactions in Anisol and SCHEME 1: Orbital-Mixing Patterns in Anisol and
Nitrobenzene Nitrobenzene
the most important MO in the MO determining Anisol
orbital interaction® regioselectivity
Anisol in-phase - @/ of,
ortho HOMO-1 HOMO onase. .- . out-ofphase
meta HOMG-1 HOMO -
para HOMO HOMO o~
Nitrobenzene + +
ortho HOMO HOMG-1
meta HOMO HOMG-1 - -
para HOMG-1 HOMO—-1
7 ]

a |dentified by configuration analysis. See Table 1 and the text for
detail.® Interpreted by the orbital mixing rule. See ref 32.

Nitrobenzene
interactions with an electrophile, as identified by analysis of
the wave function, are summarized. It has been found that both )
in anisol and in nitrobenzene, the-type MO plays the most in-phase .-
significant role in the orbital interactions for ortho and meta
substitutions, irrespective of the height of the energy level -

relative to them,-type MO. In para attack, however, the- - -

type MO takes part most significantly in the orbital interaction

with an electrophile. For reference, we also tabulatedGhe + +
values for benzene (Table 1). In benzene, all the positions are 4 m
equivalent and it is meaningless to assign any position as ortho, -

meta, or para; however, because our main purpose here is to 2As a result of orbital mixing, the amplitude of the-type MO in
understand orbital interactions in benzenes, we defined thesethe + region is increased, whereas that in theegion is reduced.
positions in benzene on the basis of MO amplitudes (see Table
1). In the case of benzene, we see that #heMO interacts
more strongly with an electrophile than the does in ortho
and para attacks. The results suggest that, in generafrsthe
type MO plays the most important role in the orbital interaction
in ortho and meta substitutions, whereas in para substitution
the mo-type MO plays the most significant role.

Furthermore, the origin of the regioselectivity might be
ascribed to orbital mixing between the, and 74 MOs of
benzenes (see Chart 1) through intervention of the orbital of
the substituent? The mixing relation among the coefficients
of m», 4, and the fragment orbital of a substituent is determined

by the relative _helgh_ts_ of the energy levels Of thege orbltals. In analysis, i.e., relative importance of the contribution of canonical
Scheme 1, orbital mixing of the fragment orbitals in anisol and

. X i ; MOs being well-characterized. In addition, the hybrid MO
nitrobenzene is summarized. In the case of anisol, the energy

. ) : should be consistent with local characteristics of chemical
!evel of the occupied orbital of the substituent fr_agmen@( ) interactions. It was shown that the IFO method gives a practical
is lower than that ofr, of benzene, whereas in the case of

g . . way of deriving those hybrid MOs fulfilling these requirements,
mtrob_enzene, the energy Ieyel of the unoccupied orbital of the starting from the canonical MOs of the reactant and reagent
substituent fragment—(NOz) is between those of; gnd:u. fragment molecule® However, a method that gives hybrid

As aresult, the amplitude of the HOM@xtype) increases  \15s without using the reagent MOs seems more useful in a
around the ortho and para positions in anisol, whereas thaty actical sense for comparing reactivities of the reactant
around the meta position is reduced, compared wwithof

. molecules. Thus, we develop such a method for obtaining a
benzene. The HOM®OL1 (wz-type) remains almost unaffected \ye||.hehaved reactive orbital called the reactive hybrid orbital
in anisol. In contrast, although the HOM@xftype) is unaf-

o . (RHO). When an electron-donating orbii@l. is represented
fected by—NO; in nitrobenzene, the amplitude of HOMC

(7to-type) is reduced around the ortho and para positions and isby a linear combination of canonical occupied MOs as
enhanced around the meta position. The change in amplitude oc oc

of 7, MOs by the perturbation can be detected in the orbital boe = (Zdiz/)i)/(Zdiz)”2 2)
amplitudes shown in Figure 1. Therefore, the MOs giving rise T T

to the difference in relative reactivity between the ortho and
meta positions of anisol and nitrobenzene are different from
those that participate most strongly in orbital interactions, as oc oc
summarized in Table 2. On the other hand, the absolute — 2 2

reactivity of each position is determined by the electron-donating Aoc (Zd. &)/ (Zq ) 3)
ability from severalz-type orbitals. Hence, it is unreasonable

and impossible to attempt to explain the reactivity of aromatic wheree; is the energy level of the canonical M@ obtained
substitution solely in terms of the FO; rather, the multiple by solving a Hartree Fock—Roothaan equation. The orbitg.
orbitals of benzenes are apparently relevant to the reactivities.is then represented by a linear combination of atomic orbitals

Orbital mixing would modify the components of a reactive
orbital that is built fromz-type canonical MOs, thereby leading
to a difference in reactivity depending on the reaction site.
Definition of Reactive Hybrid Orbital and Interpretation
of Regioselectivities of Electrophilic Aromatic Substitution.
"Our next step was to develop a method for obtaining a reactive
orbital for practical use. Like a situation where a hybrid atomic
orbital is used, it is clearer to see orbital interactions in terms
of a single hybrid MO rather than in terms of all of the relevant
canonical MOs, under the conditions that the original forms of
the canonical MOs are unchanged. Furthermore, the composition
of the hybrid MO should be informative as the configuration

the energy level of the orbital can be evaluated by
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(LCAO) as

Poc= D Cut @
"

If we extract only the terms containing the AOs on the atom of
the reaction center (denoted here Ayfrom eq 4:

Poe = Z\Cﬂx

then we can define a site electron dengityand an indexoc,
respectively, as

®)

fOC = IjaOC|¢)£)C|:| (6)

and
Poc— — foc//loc (7)

The value 2, corresponds to the electronsdg: belonging to
atom A, and the formula ofqc is similar to that of superde-
localizability based on the Hikel approximatiori® We obtained

a set ofd; values in eq 2, which gives the maximum value of
Poc, DY minimizing 1poc numerically with the Davidon
Fletcher-Powell method®* The orbitalg represented by eq 2
with the optimizedd; values is specifically called an occupied
RHO. The reactivity of the electron-donating center can also
be evaluated on the basis of the RHO obtained above by

Poc =~ FodAoc (8)
wheref . is defined as
f oe = Wod bl ©)

Note that 2, unlike 2 f,,, does not count electrons in the
internuclear region which are used for bonding with the adjacent
atoms, e.g., the-bonding region in the case of the aromatic
orbitals. Thusp; is more similar to superdelocalizability than
poc 153% The occupied RHO is a high-lying orbital (i.e., a
negatively smallloc value), but it is localized on the reaction
center (i.e., a largé, value).

Although the RHO method owes some of the fundamental
ideas to the projected reactive orbital (PRO) metkfatiey are
essentially different from each other. For clarity, it seems worth
explaining the difference between the two methods. In the PRO
method, a reference functi@n of a reactant, which is assumed
to represent most approximatelyransient bondvith a reagent,
is defined prior to calculations. However, determination of the

reference function needs a somewhat arbitrary selection of AOs.

Hirao and Ohwada

Anisol

ortha meta para

Aee = —0.349 (-0.355) Aoe = —0.367 (-0.375) Aoe = —0,345 (-0.353)
Joe = 0.517(0.519) fo = 0.471(0.475) for = 0.508(0.510)
Pe = 1480 (1.459) Pec = 1.284(1.265) P = 1.474(1.446)
Foe = 0.291(0.294) e = 0.237(0.241) foe = 0284 (0.285)
Ple = 0.835(0.827) Pl = 0.647 (0.642) Plac = 0.824 (0.509)
P
Aee = =0.354 (~0361) Ao = =0.363 (-0.371)

S = 0.538(0.543) foo = 0.470(0.474)
P = 1.520(1.501) Poc = 1.294(1.277)
foe = 0315 (0.321) fee = 0.239 (0.243)
Ploc = 0.890 (0.88%) Plac = 0.658 (0.654)

Nitrobenzene

ortho meta para
Ape = —0.403 (-0.412) Aoe = —0.398 (-0.407) Aoe = —0.404 (-0.413)
o = 0454 (0.458) foie = 0.495 (0.496) fie = 0462 (0467)
Poc = 1127 (1.113) Poe = 1.243(1.220) P = 1.142(1.131)
foe = 0.222(0.226) foe = 0.260(0.261) Foc = 0.226 (0.231)

we = 0.551 (0.548) Ploc = 0.653(0.642) Pl = 0.338 (0.559)

Figure 2. Contour plot of the RHO at each point calculated at the
RHF/6-31G*//RHF/6-31G* level. RHO value$ec, foc, poc: f o andpp,
calculated at the RHF/6-31G*//RHF/6-31G* and RHF/3-21G//RHF/6-
31G* (in parentheses) levels are also shown.

d-type AOs in generating a reactive orbital for the formation of
new chemical bonds with electrophil&sAlso, localization of

a reactive orbital calculated by their method, particularly for a
conjugated or aromatic system is insufficient, despite the
limitation mentioned above. This is because their method focuses
on the energy level of a reactive orbital and pays less attention
to the localizability of the orbital. Although their method made

Furthermore, projection of a reference function represented by some improvement over the original PRO method in that it

a few AOs only on a reaction center extracted from the HOMO
or IFO of a molecule results in a low-energy PRO as compared
with an interaction frontier orbit® Though the sefd;} of eq

2 was determined by projection of a reference funcigin

the PRO method, we directly optimiei} in the RHO method;

therefore an RHO can be calculated without the concept of a

offered a procedure for determining a reference function in a
unigue, analytical manner, the meaning of a reference function
became less clear. These seem to indicate inadequacy of the
concept of a reference function; hence development of a method
for deriving a reactive orbital without the concept is important.

In Figure 2, the RHOs for ortho, meta, and para attacks in

reference function. By using the present method, a reactive anisol and nitrobenzene are depicted. In all cases, the RHOs
orbital can be uniquely obtained even in complicated cases have the largest amplitude around the reaction center, but they

where a split valence basis set such as 6-31G* or 3-21G(*) is

are not localized completely on the reaction center. They also

used. It should also be noted that a related method, which have amplitudes around the adjacent two carbons and have an

determinesd, that gives the maximum value of,, was
proposed by Kurita and TakayarffaTheir method localizes a
reactive orbital by imposing a limitation ofy within an AO
space of a molecule. The reference functiprtannot contain

out-of-phasemplitude around the carbon at the 4-position with
respect to the reaction center. This suggests that the AOs on
multiple carbon atoms of the benzene system, in addition to
the reaction center, participate in the aromatic reaction.
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TABLE 3: Absolute Values of LCMO Coefficients of the TABLE 4: Comparison of the RHO Values (RHF/6-31G*)
RHOs in the Ortho, Meta, and Para Positions in Anisol, and Partial Rate Factors (PRFs) for Aromatic Substitution
Nitrobenzene, and Benzene Calculated at the RHF/6-31G*// Reactiong

RHF/6-31G* and RHF/3-21G//RHF/6-31G* (in Parentheses)

Levels log(PRF)
LCMO coefficient of RHO substituent  Aoc Poc Py Mercuration nitration chlorination
MO? " : H —0.362 1.346 0.704 0.0 0.0 0.0
7 ortho meta para p-OCH;  —0.345 1.474 0.824 3.36 - 7.67
AnisolP p-Me —0.354 1.392 0.743 1.37 1.69 291
Yoo (T-typef  0.495(0.500)  0.508 (0.504)  0.871(0.862)  p-Bu —0.354 1.385 0.736 1.24 1.76 2.60
Yas (mstype)  0.771(0.769)  0.700 (0.698)  0.082 (0.089) p-Ph -0.357 1.361 0.719 0.81 1.27 2.78
Yo7 0.275 (0.246) 0.435 (0.425) 0.436 (0.439) mBu —0.358 1.351 0.705 0.53 0.58 0.73
Va3 0.279(0.298)  0.246 (0.277) 0.211 (0.237) m-Me —0.360 1.339 0.694 0.35 0.32 0.69
_ p-F —0.367 1.368 0.741 047 -011 0.64
Nitrobenzene p-Cl —0.374 1.301 0.682 —0.44 —0.89 —0.42
Ya2 (ms-typef  0.811(0.811)  0.771(0.771)  0.000(0.000) g —-0.378 1.254 0.636 —1.41 - —2.44
Pa1(7-type)  0.361(0.361)  0.475(0.475)  0.901(0.902)  mc] -0.381 1.266 0.652 —-122  —3.08 —2.85
Y26 0.450(0.448)  0.422(0.423) 0.434(0.431) mNO,  —0.398 1.243 0.653 - -6.79 -
Benzené p-NO, —0.404 1.142 0.558 - -8.14 -
W21 (72)° 0.451(0.451)  0.451(0.451) 0.902 (0.902) a Experimental values taken from refs 3c and 4. See also ref$. 3d
Va0 (73)° 0.781(0.782)  0.781(0.782)  0.000 (0.000)
P17 0.432(0.431)  0.432(0.431)  0.432(0.431)
a See Figure 1° The values for the ortho and meta positions on the 032
same side as the methoxy grod@he HOMO.? For benzene, the 033 [Xmercuration
position over which the amplitude of the MO was the largest was ® nitration
considered to be the para position. 0341 1A chiorination « A
-0.35
Table 3 summarizes the LCMO coefficients of the RHOs in 4
the ortho, meta, and para positions. In anisol, the HOM® (= .l'&
type) is the major component of the RHO only in the case of ;= -0 o -
para attack. On the other hand, in nitrobenzene, the HOMO = . @d %
(7rs-type) is the most important in the cases of ortho and meta
attacks. In both compounds, ortho and meta attacks of an  °%
electrophile are facilitated mainly by electron delocalization from -0.40 . °
the z-type MOs, whereas para attacks are facilitated by that
from the mo-type MOs. In addition, the LCMO coefficient of
73 of benzene is the largest in ortho and meta substitutions and ~ **55 % 5 = 5 o 5 4 s s 10
that of 72 is largest in para substitution. From these results, it log(PRF)

can be understood th_at the RHQs_showed trends in the relz_ative,:igure 3. Relationship between the RHO energy levt and
importance of canonical MOs similar to the results of config- logarithms of the partial rate factors (log(PRF)) for mercuration,
uration analysis. Therefore, it appears that the complicated nitration, and chrorination of monosubstituted benzenes.

orbital interactions shown in Table 1 are condensed compactly \\.a hext apply the RHO method to larger systems. It was

and appropriately to a single hybrid MO, i.e., the RHO, which 5inteq out that the FO theory often fails for large systems such
takes part in electron delocalization toward an electrophile. 54 polycyclic aromatic oné4.The RHO values (RHF/6-31G*)

Calculated RHO parameters, i.€qc, foc, poc oo @nd pl. for carbon atoms for benzene, naphthalene, and anthracene were
defined above for these compounds, are also presented in Figurealculated and compared with the magnitude of the experimen-
2. In anisol, the RHO energy levél. is lower andoq is larger tally determined partial rate factors for protiodetritiation (Table
in the ortho and para positions than those in the meta position, 5).° The RHO indices are consistent with not only regioselec-
predicting that electrophilic substitution will occur in the ortho tivity but also the difference in reactivity among molecules of
and para positions. On the other hand, in nitrobenzene, the valueglifferent sizes. The number of occupiedorbitals increases
predict meta regioselectivity. These predictions are consistentWith the increase in the size of a molecule. Additionally, the
with experimental resultsIn the case of benzene, the values €nergy gap between theseorbitals are reduced as compared
are identical in all positions. Interestingly, it was also predicted With those in benzene. These lead to the increase in the relative
that anisol is more reactive in the para position than benzeneiMportance of MOs other than the FO (HOMO), which is taken
but less reactive in the meta position, which is consistent with INto consideration in the present method. Table 6 presents the
the signs of thes," and oy, constants for anisaf LCM(_)_ coefﬂme_nts of R_H(_)s. _Thex regioselectivity in elec-

.y ) o trophilic aromatic substitution in naphthalene was successfully
Reactivities of Monosubstituted Benzenes and Policyclic

A predicted by FO theor$t In fact, the present analysis showed
Aromatic Hydrocarbons. Now let us apply the RHO method 5t the HOMO plays the most important role in thettack
to monosubstituted benzenes (Table 4), experimentally exam-(Tapje 5). Furthermore, it is interesting to note that other low-
ined. In Table 4, we summarize the results of RHO calculations |ying MOs also play active roles in attack, and ing attack,

(RHF/6-31G*) and logarithms of the partial rate factors (log- the HOMO-1 plays a more important role than the HOMO
(PRF)) for mercuratiod? nitration3¢-¢437and chlorinatio® of does.

some monosubstituted benzenes. One sees that the RHO indices Before concluding, we discuss the relevance of our new
are on the whole in good agreement with the reaction rates. Inapproach to the critiques of FO thedd:2* The FO theory
Figure 3, Aoc values are plotted against log(PRF) values, accounted for the orientation of substitution rather than relative
demonstrating that is closely correlated with log(PRF). rates of substitution in different alternant hydrocarbons. As
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TABLE 5: Comparison of the RHO Values Calculated at
the RHF/6-31G*//[RHF/6-31G* Level and Partial Rate
Factors (PRFs) of Protiodetritiation of Benzene,
Naphthalene, and Anthracene in CECO,H at 70 °C?

Hirao and Ohwada

named the RHO, which is constructed by combination of several
MOs to provide the maximum reactivity index. of a reaction
center. It is worth noting that in the field of QSAR, descriptors

for substituent effects have been inadeqd&téhis may be

hydrocarbon  position Ao poc  po.  log (PRFY because the FOs have predominantly been utilized to describe
benzene 1 —0.362 1.346 0.704 0.00 such effects. Thus, the difficulties might be overcome by
naphthalene 1 —0.351 1.379 0.738 3.07 emp]oying RHOs instead of FOs.
2 —0.355 1.363 0.723 2.18
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9 —0.327 1464 0814 7.10 Hiroshi Fujimoto of Kyoto University for helpful comments.
H.H. also thanks Dr. Takanori Kanazawa, Dr. Genji lwasaki,
2 naphthalene anthracene

Dr. Yasuo Isomura, and Mr. Norio Mimura at Novartis Tsukuba
Research Institute for their understanding and encouragement.
A part of the calculations were carried out at the Computer
Center, the Institute for Molecular Science and the Computer
Center of the University of Tokyo. The authors thank these
computational facilities for generous allotment of computer time.

1 9 1

“OO 2 ‘OO 2

b Data taken from ref 5b. See also refs 9a and 9b.
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