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To gain new insight into the nature of aromaticity and conjugation, we have developed a novel procedure for
constructing a localized fragment molecular orbital basis set. It is a three-step procedure: (i) obtainment of
each subcanonical FMO (fragment molecular orbital) basis set from a specific double bond fragment and its
fragment molecule; (ii) the localization of the canonical FMOs; (iii) the superposition of all sublocalized
FMO basis sets. On the basis of our procedure, Morokuma'’s energy partition provides, in the framework of
ab initio SCF-MO computation at the STO-3G level, each of 46 compounds with various energy effects. The
m-energy difference in each of four fictitious electronic states between the experimentdyagebmetries

shows that the delocalized-system is practically destabilized. Thesystem always prefers a distorted
geometry. The role of ther-delocalization, stabilizing or destabilizing, depends on the response of the
o-framework to ther-delocalization. In the case of benzene-like and condensed-ring species, the vertical
resonance energy (VRE) is always stabilizing. However, it isdifeamework, rather than the-system

itself, that is strongly stabilized by the VRE. The energy effAﬁf)”)’” of the z-delocalization on the
m-system of the fragment itself is generally destabilizing, and it is found to be a Boltzmann model function
of the netr charge transfer (CT) energy. The VRE dffannulene with 8 s7-electrons is more destabilizing

than that of NJannulene with 8l + 2 s electrons is stabilizing. It appears to be a prerequisite to the ring
current that ther CT forms two closed circuits around the aromatic ring. In the case of benzene-like and
condensed-ring compounds, the chemical shift is the Boltzmann model function of the net CT energy. As far
as the VRE and chemical shift are concerned, the furan-like species appears not to be aromatic. However, the
five-membered ring is the most rigid, and its hydrogen atom is a good leaving group, leading to high reactivity
toward the substitution by an electrophilic reagent. The fact thatiSlfhore stable than regular hexagonal

Hs and its explanation imply that the delocalizeesystem is also destabilized.

1. Introduction The above-mentioned definitions and arguments are based

on the conclusion that the molecule witN 4 2 w-electrons is

m-aromatic. In the benzene case, it is thesystem that is

strongly stabilized due to the delocalization of thelectron8

s (the phrase “the delocalization of theelectrons” is shortened
into “the r-delocalization” hereafter). Accordingly, the following
guestions arise: On one hand, why is benzene still reactive
toward the electrophilic reagents? On the other hand, why is it

Aromaticity is arguably the most important general concept
for the understanding of organic chemistry in general and of
heterocyclic chemistry in particular. Since the isolation of
benzene by Michael Farady in 1825, three criteria, such a
geometrict energetic and magnetic criteriaare most widely
used as quantitative measures of the degree of aromaticity.

Resonance energies, such as He3shaad’'s resonance

energy® and Mulliken’s vertical resonance enerbgre calcu- much less reactive than thiophene although its aromatic energy
lated on the basis of the approximations taking into account (28.3 kcal/mol) is considerably larger than that (16.5 kcalffol
the z-electron subsystem only. of the latter?

The concept of aromaticity is quantitative as well as qualita- The only answer to the questions seems to be that the
tive, and many attempts have been made to define numericaldelocalizedz-system is destabilized. Whether thedelocal-
scales or measures of aromaticity. Katritzky’s principal com- ization is stabilizing or not has been the subject of controversy.
ponent analysis gives the conclusions that the classical and  ghaik and his collaborators argued that the delocalized
magnetic concepts of aromaticity are almost completely_or- z-system of benzene is not stable in the, geometry, and
thogonal and th?re are at Ieas_t two types of aromat‘i"plty. delocalization ofr-electrons is a byproduct of theimposed
Fonvetsel. the Ineat realonsiins have been 1011 ©XSINY geometr symmet? Shalk's iewpain was Supported by

N . recent theoretical results: (i) the small degree of bond alternation
stabilization energ§,between the ring current and resonance . . .
energy’ and even between chemical shift and chemical reactiv- in the o_Ilstorted b_e_n_zene ring of [4]paracyc|ophan_e, and the
ity.® In this sense, the classical and magnetic criteria are not magnetic susceptibility of a boat-sha_lped benzene with the same
orthogonal. geometry as [4]paracyclophant=T belqg the same as that of the
hypothetical planar cyclohexatrief(ii) the small degree of

*To whom correspondence should be addressed. E-mail: yuzh@ bond alternation in the isomers of furanofuran and thienothiophene

infoc3.icas.ac.cn. corresponding to less stability.
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Recently, Epiotis criticized the concept of resonance stabiliza-
tion vividly, and he argued that the right explanation of the
remarkable benzene stability is the interpretation thatsthe

aromatic system in benzene is less destabilized (rather than more

stabilized) than alternative nonaromatic or antiaromatic sp&gies.
It is possible for the viewpoint of resonance destabilization to
gain the experimental ground. An important feature of furan
chemistry is that electrophilic addition, as a side reaction in
nitration with acetyl nitrate, occurs at the 2,5-positions rather
than at the 2,3-positiori4.In the 1970s, Jiang found the rule
of homologous linearity of organic compounds from the UV of
150 homologous series of compounds. The rule reveals that in
the compounds PhX (X = —OH, —NH,), the resonance
interaction between the group X and the phenyl ring is very
weak?®

In the fictitious reference state with localizadlouble bonds,
the density matrix element between the patomic orbitals
are surely different from those in the same geometry with the
full delocalizedr-system. According to the following expression
for the Fock matrix elemerif

f;=h + z d. J(ij, mn) — Y,(im, jn)] +
m,n=p,
all p,

;dk.[(ij, KI) — ik, D] (1)

the -delocalization should have an effect on théramework
through the space interaction. Our calculatidrisave shown
that the role of ther-delocalization, stabilizing or destabilizing,
depends upon the response of thtamework. In the case of
the benzene molecule, it is theframework, rather than the
m-system itself, that is strongly stabilized by the vertical
resonance energy (VRE). It reveals that benzenessmatict®

In this work, our new procedure for constructing a localized
fragment molecular orbital (FMO) basis set is described in detail.
Morokuma’s energy partitidfi is introduced into the intramo-
lecular interaction, and it is used for analyzing, quantitatively,
the direct and indirect effects of the-delocalization on the
m-system itself and the-frame in an effort to gain insight into
the nature of ther-delocalization. Meanwhile, it is also applied
to the o-interaction to search for the unknown driving force.
Our procedure will be utilized to evaluate the influence of the
m-delocalization on the rigidity of the aromatic ring.

2. Method and Computational Detail
2.1. Morokuma Energy Partition. On the basis of the most

common definitions, resonance energy is essentially associated

with the local interaction between each pair of double bonds.
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Figure 1. (a) A—B—C dissection of benzene into three ethylenic
fragments, A, B, and C. (b) Formation of the corresponding fragment
molecules FM-A, -B, and ,C. Klis a referential hydrogen atom.

Figure 2 displays a thermodynamic cycle for the orbital
interactions in two geometries of benzene. It shows the symbols
for the - and o-electronic energies in the following fictitious
states: the fully localized state (FUL), the DPI state with a
delocalizedr-system and localized-frameworks, the DSI state
with a delocalizeds-framework and localized-systems, and
the fully delocalized state (FUD). Figure 2 also contains a set
of definitions of various energy differences. For simplicity, these
energy differences are expressed as the following general
formulas:

) allp,q ) allp )

p) — p)—T ,0)—TT

AE;"” =05% AE "+ Y AESY (2-1)
p=q

allpq . allp
AESP =055 AELD+ S AES (2-2)
pP=q

wherep, q= a, b, ¢ ..., the charactetsandp (1, p = 7, 0) in
the superscript/, p) mean that the energy effeQMEf,f”’) and
AE%? arise from the delocalization of thie and p-electrons,
and the characters ando in super- and subscripts denote that
the energy effects are associated, respectively, withrttend
o-orbital interactions. Whea = x andp = o, egs 2-1 and 2-2
become

allp,g allp
AE; =05 AE,"+ Y AES” (3-1)
P=a
allp,q allp
(3-2)

AEY=05Y AEL "+ S AE
qu P z P

Inevitably, this interaction influences the original characteristics Where AE; and AE; are the energy differences between the
of the double bonds, including the observed and calculable FUD and DSI states in the same geometry. Two terms on the
changes in their bond lengths and bond orders, and alsoright side of eq 3-1 are two energy components associated with

including the disturbance to their originatenergies® Ac-
cordingly, the fundamental problems in the energy partitioning
are how to calculate, reasonably and directly, #henergies

the inter- and intrafragment interactions, respectively.
It should be particularly emphasized that the energy effect
AEX in eq 3-2 is the response of theframework to the

occurring in a conjugated molecule and its reference state with 7-delocalization, and it arises from the effect of thelelocal-

the localizedr-systems, and how to evaluate the effects of the ization on theo—xr space interactions expressed in terms of

m-delocalization on ther-systems themselves and irérame- the Coulomb J,, and exchangeK,, integrals. The local

work. In this sense, the perturbation molecular orbital (PMO) resonance interaction between carbearbon double bonds,

theory should be more reasonable and valuable. i.e., thes-orbital interaction between fragments P and Q, and
According to the PMO theor$t and on the basis of the its effects on ther-system itself and the-framework are

definition of conjugatiorf, we can consider the benzene summarized in Scheme 1.

molecule, for example, as three ethylenic fragments, i.e., an In the Morokuma energy partition, the energy components

A—B—C dissection as shown in Figure 1. Eg’H and EgaH in the DSI state, for example, are obtained
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Figure 2. Thermodynamic cycle for the orbital interactions, the total electronic energy and ésd o-components, such &), Eff), andEf,”),
in each of four electronic states denoted as FUL, DPI, DSI, and FUD, and the definitions of the various energy differenceAEflcmas\E,

between each pair of the electronic states in the same geometry andctE@seiF_f;’), anddEf,"), between the crystal structure of benzene and its
dsn geometry. Key: (a) € P andj € Q wheni, j € #-systemsj, j € P and Q when, j € o-frameworks.
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from the following general expressions:
all Aall 4
B0 = z Z(F(") +H?)D ieP, jeQ  (4-1)
all Aall 4
EV™ = Z Z(F(”) + H")DY? i,jeP (4-2)

whereF, H andD are Fock, Ham

iltonian, and density matrixes,

respectively (a capital bold letter denotes, hereafter, a matrix
over the localized FMO basis seti)u”), H,J”), andD(” are their
respective elements in the DSI state.

Various elements in egs.4-1 and 4-2 are obtained from the
RHF (restricted HartreeFock) computation, denoted as RHfA
in Figure 2, for the DSI state under the following conditions:
in each SCF iteration, all the elemer8gs(the elements of the
overlap integral matri) andF; (i € P,j € Q, andi, j € ) are
set equal to zero. The RAFm computation for the elements
Fi(j”'”), Hi(j“'“), and Di(-”'”) in the FUD state was performed under
the constraint that all the; andS; between ther ando FMOs
are set equal to zero. In the case of the planar molecule, it is a
full RHF computation. In any case, the elemeftsand §;
between each of the pairs of the singly occupied FMOs are not
equal to zero.

2.2. Construction of the Localized FMO Basis SetThe
localized FMO basis set, in which all FMOs have correct
electron occupancies, consists of the localized and singly
occupied FMOs. The construction of this basis set is a three-
step procedure: (i) obtainment of each subcanonical FMO basis
set from a specific double bond fragment and its fragment
molecule using Kost's localization followed by a conditional
RHF computatior?? (i) transformation of the subcanonical
FMOs into the localized FMOs employing Perkins’ localization
procedure?? (iii) formation of a localized FMO basis set for a
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molecule by the superposition of all sublocalized FMO basis TABLE 1: Overlap Integral S; between a Pair of Singly
sets. The first step has been detailed elsewheed it provides Occupied FMOs, the EffethAE:,”" of the &-Delocalization
each fragment with a set of FMOs which are orthogonal and on the o Intrafragment Interactions, the Total & Charge
have correct orbital occupancies. Transfer Energy AE,Z,, the Vertical Resonance Energy (VRE)
Perkins’ localization procedure is based on the zero dif- and its ComponentsAE} and AE, Obtained from the RHF
ferential overlap. In the case of ab initio calculation, the overlap COMPutations for the FUD and DSI States of Benzene at the
. - : . Four Gaussian-Type Basis Sets (Energy in hartrees)
integrals §; = Y,:C;iC, in Perkins' procedure should be
replaced with§; = 3 ,:CiS2C,j, Wheres,; is the overlap integral S JAE Y AR AE! AEY VRE
between atomic orbitalsp, and ¢,. Perkins’ localization  sT0-3G 0.73962 0.21150-3.69598 —0.01763 —0.05128 —0.06891
concentrates the canonical FMOs on a single atom or two 4-31G  0.94035 1.42523-4.17232 —0.38692 0.42296 0.03604
bonded atoms, leading to a set of localized FMOs that are 6-31G  0.93405 1.47544-4.11789 —0.44745  0.49169  0.04424
approximately consistent with the standard description of the 6-311G 0.92122 1.79183-3.98192-0.58341  0.64266  0.05925
chemical bonds. Thus, the total electronic energy such as

. V=7 V—.
TABLE 2: Energy Effects 0.5y AE,, ™ and YAE; ™™

EY can also be partitioned into the contributicpg%, 3 EZ), Associated with the Inter- and Intrafragment Interactions,
SYEY made byo ring bonds, CH bonds, and various lone the Vertical Resonance Energy (VRE) of Benzene-like
electron pairs according to the following expression: EP?CieS,) and Its Two ComponentdE} and AE} (Energy in
artrees
CH bonds ring bonds - -
EO) — Z (F9 1+ HO)DY + ‘ (F9 + HODO + compound  ref 0.5AE,, " SAE, " AE,  AE,  VRE
7 L mnomvEmn gZ g o'~ benzene 25 —4.3437  4.3261 —0.0176 —0.0513 —0.0689
AlS . pyridine 26 —4.4504  4.4364 —0.0140 —0.0520 —0.0660
©) 1 LiONM©) © 1 LONA©) pyridazine 27 —3.8636 3.8620 —0.0016 —0.0537 —0.0553
> (FY +H)DY + Z(Fkl + Ha')Dy” = pyrimidine 28 —45220  4.4888 —0.0332 —0.0418 —0.0750
] pyrazine 29 —4.5350 4.5238 —0.0112 —0.0622 —0.0734

(0) (0) (0) (0) 1,2,3-triazine 30 —4.5603 4.5115 —0.0488 —0.0345 —0.0833
ZECH T ZECC) + ZES )+ ZEKI ®) 1,2,4-triazine 30 —3.6578 3.6781  0.0203-0.0718 —0.0515

1,35-triazine 31 —4.7224  4.6718 —0.0506 —0.0273 —0.0779
where the cross terr’?ZE(k‘f) includes all other energy effects  1,2,4,5-tetrazine 32 —4.6262  4.6022 —0.0240 —0.0596 —0.0836

arising from the interactions between different types of chemical

bonds. constructed and calculated using ab initio SCF-MO computation
program at the STO-3G level.
3. Results and Discussion 3.1. Classification of Aromatic CompoundsIn any one of

) . the conjugated compounds, except for cyclobutadiene, listed in
The resonance energy is the energy difference between therapies 25 the local resonance interaction between fragments
real molecule and its fictitious reference state with localized p 5. Q and its effect on theframework, expressed in terms
n-electrons. Maqy efforts have. been made to provuje the of 0.55AEY, ™ and AEX, respectively, are always stabilizing.
reference state with a wave functib# However, our practical On the co%qtrar the ener effeEtAEV_” arising from the
calculations have confirmed that the fundamental problem is offect of then-()jlélocalizatigﬁ on theirpori’ inadz-sg stems. is
how to calculate the Fock matrix in the reference state. In this 9 y ’

sense, the DSI state obtained from our program is a reasonable(jEStab'|'Z'ng' Accordingly, the aromatic compounds can be

. rouped into three types. The compounds with a six-membered
and calculable reference state, and the corresponding resonan . o .
v v . ring, such as benzene, pyridine, and triazine, belong to the first
energyAE; + AE, is the so-called vertical resonance energy

(Scheme 1J. type (benzene-like species). In each of these compounds, the

. \ —m .
Comparison of the reports in the literature shows that the erfé%)’n g?;]mo'SzAdEPq | t'S greatetr) tt?]ant the edn((ejrgy tlotshs
Gaussian-type basis sets have great influence on the%yRg, ~ 2AE, ~- Thex- ando-systems are both stabilized due to the

In the case otis-1,2-difluoroethylene, the destabilizing VRE m-delocalization, and the VRE is sta_bilizing (Table 2). The
(45.95 kcal/mol) from 4-31G is about 5 times as large as that second type refers to the condensed ring systems such as those

(9.56 kcal/mol) from STO-3Ge listed in Table 3. In each of these compounds, the energy gain
. : \ 4 A 4

The energy partition is based on analyzing the contributions 10-52AEy “| becomes less than the energy I9SSE, , and

of various FMOs to the total electronic energy. ¢is-1,2- the z-system itself is destabilized by the-delocalization.

difluoroethylene, the overlap integr8la.~ is 0.134 (STO-3G)  However, the VRE is still stabilizing due 1AE)| > AE}. The
and 0.266 (4-31G}:¢In the benzene case, the overlap integral compounds with a five-membered ring (Table 4), such as furan,
between a pair of singly occupied FMOs is, for example, about pyrrole, thlophenel, and thellr |soelectron|c derivatives, form the
0.93 (4-31G to 6-311G) and 0.74 (STO-3G). Increasing the third type (furan-like species). In this type of molecule, the
overlap integrals leads to overestimating the tw@lectron energy lossyAE; " is considerably larger than the energy
stabilization energyAE2 and the destabilization energy effect 9ain [0.55 AEy, . This leads tolAE; | being less tham\EY,
YAE; ™, although the eventual total electronic energy from a and the eventual VRE becomes destabilizing.
larger basis is more accurate. Finally, only the STO-3G basis It is interesting that the VRE of the planaX]annulene and
provides benzene with the stabilizing VRE (Table 1). its componentAEY, including their size and sign, change as
Owing to the fact that resonance is primarily a one-electron the value ofN increases (Table 5). The planar annulene \Mth
operator effect and on the basis of the literature result that > 6 is a theoretical molecule. ThAE! of [N]annulene is
electron correction reduces the calculation VRE of benzene by always destabilizing, and its value is monotonically increasing
less than 10%, resonance energy can be, as indicated byas the value oN increases. In the meantime the corresponding
Kollmar2* well reproduced with a minimal basis and it is not AEX is stabilizing wherN > 4, and it strengthens wave upon
very important to apply more flexible basis sets or even basis wave. Consequently, the annulene witN #-electrons is, as
sets that include polarization functions. In this work, the expected by Epiotis in the 1978 more antiaromatic than one
localized FMO basis set and various energy effects were with 4N + 2 electrons is aromatic. The VRE of [8]annulene is,
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TABLE 3: Energy Effects 0. SZAEV T and ZAEV 7 Associated with the Inter- and Intrafragment Interactions, the Vertical
Resonance Energy (VRE) of Condensed Ring Compounds and Its Two Componemfv and AEV (Energy in hartrees)

compound ref YAE;” YAE) " AE) AE) VRE
naphthalene 33 —7.7379 7.8019 0.0640 —0.1401 —0.0761
2,7-naphthyridine 34 —7.6671 7.7298 0.0627 —0.1354 —0.0727
1,8-naphthyridine 35 —7.8651 7.9011 0.0360 —0.1128 —0.0768
quinoline 36a-c —7.7257 7.7736 0.0479 —0.1204 —0.0725
phthalazine 37 —7.3656 7.4449 0.0793 —0.1387 —0.0594
pyrazino[2,3b]pyrazine 38 —7.2469 7.2633 0.0164 —0.0890 —0.0726
indazole 39 —6.2306 6.4354 0.2048 —0.2117 —0.0069
indole 40 —6.0736 6.2804 0.2068 —0.2121 —0.0053
purine 41 —7.0879 7.1832 0.0953 —0.1260 —0.0307
1H-pyrrolo[2,3b]pyridine 42 —7.5570 7.7459 0.1889 —0.2274 —0.0385
benzimidazole 43 —6.2112 6.3301 0.1189 —0.1326 —0.0137
anthracene 44 —12.7879 12.9058 0.1179 —0.2099 —0.0920
carbazole 45 —12.4112 12.6980 0.2868 —0.3656 —0.0788
acenaphthylene 46 —8.9814 9.0525 0.0711 —0.1236 —0.0525
phenathrene 47 —13.7367 13.7847 0.0480 —0.1647 —0.1167
pyrene 48 —18.4602 18.6321 0.1719 —0.3056 —0.1337

TABLE 4: Energy Effects 0. SZAE

Resonance Energy (VRE) of Furan like Speues and Its Two ComponenmEV and AEV (Energy in hartrees)

Tand ZAEV 7 Associated with the Inter- and Intrafragment Interactions, the Vertical

compound ref 0.5AE), " YAE, T AE} AE; VRE

furan 49 —1.6160 1.9447 0.3287 —0.3078 0.0209
thiophene 50 ~1.8081 2.0796 0.2715 ~0.2607 0.0108
pyrrole 36c,d —2.2338 2.4781 0.2443 ~0.2225 0.0218
isoxazole 51 ~1.7865 2.0685 0.2820 —0.2716 0.0104
oxazole 52 ~1.7246 2.0247 0.3001 ~0.2896 0.0105
1,2,5-oxadiazole 53 ~1.5422 1.7882 0.2460 ~0.2320 0.0140
1,3,4-oxadiazole 54 —1.6488 1.9065 0.2577 —0.2511 0.0066
pyrazole 55 —2.5194 2.7205 0.2011 —0.1832 0.0179
imidazole 56 —2.3300 2.5205 0.1905 —0.1701 0.0204
1,2,5-triazole 57 —2.1903 2.3920 0.2017 —0.1802 0.0215
1,2,4-triazole 58 —2.4591 2.5990 0.1399 —0.1305 0.0094
1,2,5-thiadiazole 59 —1.9960 2.2435 0.2475 —0.2375 0.0100
1,2,4- thiadiazole 60 ~1.9527 2.1512 0.1985 —0.1954 0.0030
1,3,4- thiadiazole 61 —1.5981 1.7958 0.1977 —0.1982 —0.0001

1,2,3,4-tetrazole 62 —2.6230 2.7257 0.1027 —0.1073 —0.0046

TABLE 5: Energy Effects 0. SZAE

Resonance Energy (VRE) of I[J]Annulene and Its Two ComponentsAEV and AEV (Energy in hartrees)

T and ZAEV 7 Associated with the Inter- and Intrafragment Interactions, the Vertical

optimized
N goemetry Riong Rshort 0.55 AE},” SAE T AEY AEY VRE
4 HF/6-31G 1.51 1.37 0.6752 —0.6127 0.0625 0.0217 0.0842
8 AM1 1.442 1.335 —1.1466 1.1937 0.0471 —0.0163 0.0308
MP2/6-31G** 1.471 1.351 —1.1060 1.1484 0.0424 —0.0182 0.0242
HF/6-31G** 1.479 1.326 —0.9965 1.0405 0.0440 —0.0171 0.0269
10 AM1 1.405 1.352 —6.0849 6.1385 0.0536 —0.0821 —0.0285
HF/6-31G** 1.431 1.356 —5.0796 5.1357 0.0561 —0.0777 —0.0216
12 AM1 1.430 1.335 —3.4196 3.4868 0.0672 —0.0565 0.0107
14 AM1 1.424 1.339 —6.0124 6.1007 0.0883 —0.0946 —0.0063
16 AM1 1.431 1.337 —5.5639 5.6578 0.0939 —0.0910 0.0029
16 HF/6-31G** 1.492 1.345 —4.2663 4.3525 0.0862 —0.0842 0.0020

for example, 19.33 kcal/mol, and that of its neighbor [10]-

annulene is—17.88 kcal/mol.

3.2.7 Charge Transfer. 3.2.1. Ther System |Is Destabilized
Due to thexr Charge TransferElectron delocalization is an
important concept in modern organic chemistry. The charge
transfer (CT) arises from the two-electron interaction which
mixes the occupied FMO of one fragment with the vacant FMO
of the others and vice versa, and one of two exchange (EX)

energies is associated with the four-electron interaction between

the occupied FMOs. According to Morokuma’s definitidis,
these two interactions cause thedelocalization between

fragments P and Q.

charge transfer from all fragments Q to a specific fragment P

(P = Q), and AEf) in eq 6-2 is the corresponding total CT

energy.

dE, =5 (AEY — AEg) = 5 dEg,
p=q

As mentioned previously, of

allq

allq

allq

p=q
allq

2 __ _ 2
AE =3 (AED+ AED) = 5 AL,
=9 =

(6-1)

(6-2)

three energy effects

The quantityAEg] is defined as the CT energy arising from  0.55 AE), ", AE, " andAE}, only YAE, ™ resists delocal-
the delocalization of the-electrons from fragment P to fragment

Q. Accordingly, the symboHEp in eq 6-1 denotes the net

izing of then electrons, and it plays an important role in
controlling thesr-delocalization. To rationalize the effect of the
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TABLE 6: Interfragment Interaction Energy 0.5 ZAE(”) " the Net Charge Transfer (CT) EnergydE2 and Total CT Energy
AE? between Fragment P and All Other Fragments Q the Netr-Electron Charge D’ on Fragment P and the Energy Loss
AEg ™7 of Fragment P (Energy in hartrees)

compound 0.B5ESR ™" fragment AESTT dE AE; net chargd}
benzene —4.590 21 G=C;(A) 1.521 49 0.000 00 —2.544 42 0.000 00
Cs=C4(B) 1.521 49 0.000 00 —2.544 42 0.000 00
Cs—=Cs(C) 1.521 49 0.000 00 —2.544 42 0.000 00
pyrimidine —4.63413 N=C,(A) 1.377 15 —0.04131 —2.61151 —0.021 34
Nz=C4(B) 1.757 41 0.114 30 —2.686 99 0.023 65
Cs=Cs(C) 1.471 90 —0.072 99 —2.557 52 —0.002 30
furan —1.41004 G=C5(C) —-0.77211 —0.750 96 —1.347 33 —0.19158
C,=C;5(B) 0.289 22 —-0.37532 —1.324 62 —0.03303
O1 (A) 2.150 93 1.126 29 —1.126 29 0.224 61
pyrrole -1.776 81 G=Cs(C) —0.696 51 —0.814 69 ~1.63475 —0.207 15
C—=C3(B) 0.323 14 —0.512 22 —1.624 24 —0.054 27
N;H (A) 2.33221 1.326 91 —1.326 91 0.261 42
thiophene —1.816 47 G=C5(C) —0.79343 —0.793 82 —1.736 10 —0.212 70
C—=C3(B) 0.320 08 —0.437 04 —1.739 16 —0.063 24
S (A) 2.761 97 1.230 86 —1.230 86 0.275 95
1,2,3,4-tetrazole —1.956 97 N=Cs(C) 0.298 47 —0.620 26 —1.709 75 —0.066 54
N2=N3(B) —0.793 37 —0.805 26 —1.588 64 —0.201 60
N;H (A) 2.519 37 1.42551 —1.42551 0.268 15
large, up to 2.33 hartrees. On the other hand, the net CT energy
3 . dE? for fragment G—Cs is —0.8146 hartree an@iEZ|/|AE2| =
e 0.50. The ability of the fragmenmecs to withdrawzr-electrons
2 o2 is so great that its\E™ " (—0.6965 hartree) is stabilizing.
14 . the energy effecAE™ (0.1820 hartree), and VRE (0.0488

hartree) are still destablhzmg because the energy gains, including
AE®™™ and O.iAEff)f”, are insufficient to compensate for
the z-energy lossAE? ™ + AESY ™™ (2.655 hartrees).

The above-mentioned theoretical results are well confirmed

(=]
1

The = energy loss of fragment P ( hartree )
1

_____________ 7;!}' However, the energy componeRAES” ™™ (1.959 hartrees),

Eemm_whdﬂwmg Electron-releasing by the following radical reactions:
1 goup | goup
2 S — —T—T /A Ph3C-CPh3/ N2 H@H
-5 -0 05 00 0.5 1.0 15 20 & e T bhae” R cPhs
The net = charge transfer energy for fragment P ( hartree ) H H
Y =[-4.095/( 1+ exp((X + 0.4236)/0.3136)) + 2.3763 ] —
7\ Zn/aq. AcOH H&H
Figure 3. m energy lossY) AES? ™™ of fragment P in the DPI state as o R N
the Boltzmann model function of the netcharge-transfer energx) N H
dE2 H
n-delocalization on the-system itself, the energy effects §.A& In these two reactions, the main products arise from 2,5-

— B, AEY?™", dE2, andAE? and the netr-electron charge addition:
D‘g on fragment P were calculated because the constrained h?’é 2.7 Charge Trarésgberhand Chemical S:m(l:g(()jrdlng (tjo
conditions in the RHF computations for the FUL and DP| states 1€ EPiOtis interpretatiori” the ring current should depend on

ensure that the effect of thedelocalization on ther-systems hl FC.:T 4 abrok indi he directi fthe CT
has been eliminated as far as possible. n Figure 4, a broken arrow indicates the direction of the

As shown by the data in Table 6, thesystem in an electron- be_thetF‘ fragf)rtrp]ents tFE:'?n'(Ij'hQ’ "’!”d ? Sg"d arioYvd%enotes Fhe
releasing fragment WitIdE§ > 0.0 is always destabilized due orientation of the ne - there|s a fundamental difterence in

to thesr-delocalization, and whether tlresystem in an electron- tﬂz d%p:ﬁ?;::zgﬁgjﬁ(ges' aer;?e;u;i?;t:msﬁgcgscﬁrg t\(;\)//(;jsoebt_s
withdrawing fragment is stabilized or not depends on the ratio : P ’ pe, €

2 > o ) of the broken arrows forms a closed CT circuit around the
of |dEj| to AE|. The statistical analysis formulates a Boltz- aromatic ring
mann model relationship, expressed in term¥ ef —4. 095/(1 )

- Particularly, there is a corresponding relationship between
+ exp((X + 0.4236)/0.3136))+ 2.3763, betweerhEy; Tand

(1) the chemical shifd (ppm) and net CT energylEﬁq. Inspec-
dEp (Figure 3), and it shows that the energy 'QSE tion of the orientations of the solid arrows in Figure 4 shows

increases as the net CT enerdi becomes larger. In the that there are two groups of aromatic compounds. In the first
pyrrole molecule, for example, the nitrogen fragmertH— group of compounds, such as pyridine, pyrimidine, and triazine,

is a typical electron-releasing group. Its net CT ened three solid arrows point in the same direction, clockwise or

(1.327 hartrees), arising from the delocalization of the nitrogen anticlockwise. In the second group of compounds, such as
lone pair into fragments B and C, is equal to the total CT energy pyrazine, pyridazine, and naphthalene, there are two counter-
|AE —1.327 hartregs and the CT between fragments A direction arrows pointing to two equivalent atoms. In the case

and B as well as between A and C is unidirectional. As a result, of the second group of compounds, when the net CT energy,
its zr-electron charge i$-0.2614 and its energy IosSE(”) Tis such asjEib = —0.0545 hartree in pyrazine, is replaced with
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§=765 00279 (-1291) -00544( 1276) -0.0000
99
5=735 “\\ NN -0990)
-0.0650 ooooos oose0 1. [~ NN
( 1288)1 (-1 300) (-1.208)Ti I
dE2 =00 5 839 ! \/| 5=92
=0, / §=9.
B B N/dZ;Z =00011 4)0545 % w624
(-1.2320) P4 (1241) (-1276) 8=764" (.1226)
00455 00411
(-1.143)  (-1.163)
§=8.78 -01277(-1.258) §5=924 -02194(-1341) 5=7.90 \/
5=748 /Q‘N =751
N
-0.1005 02194 201'02032;) ‘4 -0.0052
(-1.301) ) (-1341) H] J -1 [ 1238
5=9.16 - ~ /
-01357 N/'2194 :///\\\
(-1281) (-1.341) -0.0384 -0.0468
(L164)  (-1.141)
0.0526 -0.0009 0.0299
(-1049)  (-1264)  (-1051) o1 5=5385
0.1054 / \ 01054 No electron transfer
5=7.50 (-0511) »é' N (-0511) 5=636
0.0022 0.0004 5=622
(0.601) I [ (-0.809)
— 5=653
-
-0.0477 0.0002 -0.0306 -0.0000
(-1.059) (-1.141) (-1.141) (-0.524)
-0.0008 (-0.739) 00008 (.o 9530) 0.000 (-0.9516)
- . -—
5=642 5=6.07 5=7.15 Pq
/N / \ / N e
L 2D 5754 Nep 2 =698 3=748  agmeme AE®
-0.64;8\0 /'6477 07992 /7954 0.6102 S 6102 — > dE%, = AEPI— AE®
(-0.6488) (0.6477)  (-0.7992) (0.7954)  (0.6102) (-0.6102) q ov ov

Figure 4. Netx charge transfer (CT) energ}qu between fragments P and Q, and the experimental chemicaldsljifbm). The number in
parentheses is the total CT energyAE2 = AEY! + AEX. The chemical shift of cyclobutadiene was calculated at the 6-31G** level using the
Gaussian 98 program.

the sumdE2, + dE2, (—0.1089 hartree), the chemical shifts of %37
the protons in the benzene-like species and naphthalene can be . o, T
shown as a Boltzmann model function, expressed in ternys of

= —1.824/(1+ exp((x 0.09372)/0.01974)} 9.2704, of the
net CT energ;dEp (Figure 5).

On the other hand, there is no such closed CT circuit in furan- © 8.5
like species, fulvene and cyclobutadiene. The chemical shifts &
of the s-proton in furan as well as all the protons in pyrrole %
and fulvene are smaller than 7.0 ppm, and they are close to- g 8.0
that of cyclobutadiene although the net CT enen;ﬁg in
pyrrole is large, up t6-0.799 hartree. 75 7

As far as the VRE and the chemical shift are concerned, furan- ’ .
like species appear not to be aromatic. There should be unknown
structural factors that make furan-like species reactive toward 7 — — ———r
substitution by an electrophilic reagent. Lengthening of a double -0.05  0.00  0.05 010  0.15 020 025
bond is a geometrical prerequisite for electrophilic addition. It The net = charge transfer energy between fragments ( hartree )
is necessary to understand the driving force for distorting the
aromatic ring. Y = [-1.824/ ( 1+ exp X~ 009372)/ 001974y 1 g 9704 |

3.3. Thea-System Always Prefers a Distorted Geometry.
To comprehend the driving force for distorting the aromatic
ring and to analyze the effects of theedelocalization on the
direction and size of the driving force, the totat and peripheral bond lengths within the constraint that the contribu-
o-electronic energies in the FUL, DPI, DSI, and FUD states tion of the nuclear repulsion to the total energy remains constant.
and various energy differences (potential energies) between theln the dsy geometry of benzene, the lengths of the shorter CC
crystal structure and itdsy geometry were calculated. bonds were set equal to 1.32 A. In this case, the aromatic index

The dsy distortion was previously investigated by Shé&ik. AN = YdN/n, the average of the fluctuation of all the ring
The dsy geometry arises from variations in alternating the bonds?* for the dsy geometry is larger than that for the crystal

9.0+

(ppm)

The Che

Figure 5. Chemical shift ¥) 6 as the Boltzmann model function of
the netr charge transfer energy(XdEfJq between fragments P and Q.
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TABLE 7: Various Total Electronic Energies Obtained from the RHF Computations for the FUD and DSI States of Benzene at
4-31G, 6-31G, and 6-311G Basis Sets (Energy in hartrees)

4-31G 6-31G 6-311G
Den dsh Den st Den s

FUD State

E/(T”"’) —38.4075 —38.4824 —38.3263 —38.4056 —38.2025 —38.2882

EE;'”’) —394.9324 —394.8398 —395.2611 —395.1630 —395.4232 —395.3199

E(m0) —433.3398 —433.3222 —433.5874 —433.5686 —433.6257 —433.6081
DSI State

Eg) —38.0206 —38.2478 —37.8789 —38.1199 —37.6191 —37.8853

Eg’) —395.3553 —395.1350 —395.7528 —395.5160 —396.0659 —395.8030

E© —433.3759 —433.3828 —433.6317 —433.6359 —433.6850 —433.6883

structure. On the contrary, thdsy geometries of furan and  state is the lowest. At thelsy geometry, the delocalized
cyclobutadiene resulted from minimizing the difference in the z-systems in the FUD and DPI states become destabilized. The
CC bond lengths as far as possible. In this ca$¢for the dsy energy effecmggﬂa_) = 19.08 kcal/mol and\EY (L) = 20.58
geometry is less than one for its corresponding optimized | ~51/mol and the total energy effeddEM(L) = AE(”)(L) +A
geometry. The characters L and S in the symbols such aSEf;T)(L) and VRE(L) = AE\;(L) N AEX(L) are still gtabilizing.

E9(L) and EY(S) in Figures 2 and 6 denote the total . ) o
7 (L) 7 () 9 Comparison of the totak-electronic energies in the two

electronic energies in the geometries with the larger and smaller ) . ) .
AN g g g geometries (Figure 2) shows that the delocalizeslystem in

3.3.1. Benzendhe role of ther-delocalization depends on  theDen geometry is practically destabilized despiteA((S)
the geometry of the benzene molecule. At fhg geometry < 0 andAE)(S) < 0. At the FUL state of thelsy geometry,
(Figure 2), therr-delocalization always stabilizes the original the totalsz-electronic energ)Ef,f’)(L) is —39.8554 hartrees, and
7- ando-systems, i.e. AEY)(S) < 0, AEY)(S) < 0, AEY(S) < it is the lowest of all ther-systems presented in Figure 2. The
0, andAE/(S) < 0. The total electronic energy in the FUD z potential energiesdE®, dE™, dE), anddE,) in the four

1.396 1.434

1390 /d \ Driving ‘ /Optm\ 1378
. Forces ( DF) ©

1.362
AN=0254 O Y AN =0.283

(m ) = DF
berocanzean | BF ©7 401567 dER)= 00413 > piyo 40,1980
elocalize _ DF (%) = -0.
DPI EP©)=-345.9791___ dEG) =-0.1399 EL)= -345.8392
Localized © (m) = (m) =.0.0986 T T
E'™(8)=-386.1358 dE E®L) = -386.0372
-
AESP®)|= 0.2020 o-Framework AEP )= 02718
Localized ® (™
FMO basis AEgn)(s) =.0.2733 AEs(Ly= -0.2453
DF
EOXS) = -40.4487 dES) = 0.0211 > Elo)iy = _40.4698
Localized T Eg_a)(s)= -345.7057 DF dE(GO) =-0.1118
Localized © E©)s) =-386.1544 dE™® =-0.0906 /
-
o—Framework
AES) |= 0.0817 AESOWL) = 0.0889
AEL)s) |=-0.6383 AE®Iw) =-0.7498
DF
E{™Os)= -39.9911  gEGO)= 00396 . p(moip) = _40.0307
H DF -
De'°;ﬂ';edn EFV(s)= -346.7137=—dET )= -0.0338 EFOL) = -346.6799
Delocalizeds | £™9)®) = -386.7047  dEV"®)= 0.0059 E™L) = -386.7106
_——
V|- 03759 n-Systems -
AEL® (VRE) AEL(L)= 0.3502
AEY, )] =-0.3696 AEY (L)=-0.3362
EP®) = -40.3670 dESS)= 0.0139 PF EOw = -40.3809
Localized T |  E{)s) = _346,3440..‘?-'.”....‘1,15(:)=-0.0003 FO) = -346.3437
DSI -
©)gy= - = 0. ©)py = .
Delocalizedo E(s)= -386.7110 w EL) = -386.7247

n—Framework

Figure 6. Thermodynamic cycle for the orbital interactions, the total electronic energy and &ad o-components in each of four electronic
states denoted as FUL, DPI, DSI, and FUD and the various energy differences between each pair of electronic states in the same geometry and
those between the optimized geometry of furan andldtsgeometry. The optimized geometry was obtained from B3LYP/6-311G.



1744 J. Phys. Chem. A, Vol. 104, No. 8, 2000

Yu et al.

electronic states are all positive, and they are 48.57, 13.37, 52.21 TABLE 8: Eigenvalues of the Highest Occupiedr MOs in

and 20.21 kcal/mol, respectively. Thesystem of benzene
always prefers a distorted geometry no matter whether it is
delocalized or not.

On the other hand, the values of thepotential energy are
always negative. In and only in the DSI state, th@otential
energy is so large thatlE” (52.262 kcal/mol)> |dEY)|
(—24.359 kcal/mol). The total potential enerdl®) = E)(S)

— EOL) = dE? + dE“, i.e., the compression energy at
constant nuclear repulsion, is about 28 kcal/mol, and it is close
to Kollmar’'s compression energy (30 kcal/m#i)The o-frame-

work in the DSI state only possesses a distortive tendency. It is isoxazole

the m-delocalization that makes this tendency become an
effective driving force, expressed in terms ch(U”"’) (—=30.1
kcal/mol) whose absolute value is now larger than that of
dl=(7”"’) (20.2 kcal/mol), for distorting a molecular structure
with alternating long and short CC bond lengths to g
geometry.

Various kinds of electronic energy obtained from the larger
basis sets are listed in Table 7. The direction of the above-
mentioned driving forces is not an artifact of a given basis.
However, the Gaussian-type basis has a great influence on th

size of the driving forces. The values of the compression energy [12]annulene
at constant nuclear repulsion are, for example, about 4.33 (4-

31G), 2.64 (6-31G), and 2.07 (6-311G) kcal/mol, which are
much less than Kollmar’s value. This is one more reason why

the STO-3G basis set is more reasonable for Morokuma'’s energy

partition. In fact, the STO-3G is accurate enough to calculate
the energy difference. The difference in the total electronic
energyE™) betweerDg, anddsy geometries is-0.0152 (STO-
3G), —0.0176 (4-31G),—0.0188 (6-31G), and-0.0176 (6-
311G) hartree.

3.3.2. Furan.lt is a characteristic of furan-like species that
both zz potential energiesiE”) (0.0139 hartree) andE™”
(0.0399 hartree) predominate O\dﬁff) (—0.0003 hartree) and
dE™) (—0.0338 hartree). At the FUD and DS states, it is the

DSI and FUD States, the Contributionsy AEY.. and AEY,, to
AEX Made by All ¢ Ring Bonds and a CH Bond, and the

Component EZ? of the Total g-Electronic Energy E™” in
Each CH Bond

fovo  Siowo  SAEgc - EGY  AEg,
compounds (hartrees) (hartrees) (kcal/mol) (hartrees)(kcal/mol)

pyrrole —0.232 70—-0.342 98 —77.4975 -10.9177  30.6382
furan —0.278 20—-0.381 04 —65.8258 —11.0272  28.2850
thiophen —0.25370—-0.29343  3.3886-12.2837 25.5083
imdazole —0.266 91—-0.378 23 —54.5000 —11.2174  29.2545
oxazole —0.301 30—-0.396 22 —63.3377 —11.1134  30.1343

—0.31029-0.393 75—-99.5764 —11.1376  15.5980
1,2,5-oxadiazole-0.371 96 —0.409 54 —71.4351 —11.3761 19.5688
1,3,4-oxadiazole-0.351 20—0.410 31 —41.6999 —11.3224  34.1971
1,2,3,4-tetrazole—0.360 20—0.408 65 —72.0488 —11.6857  26.4056

benzene —0.278 24—0.33163 12.8012-11.7315 —6.1914
pyridine —0.31058—-0.34085 21.7118-12.3399 —7.0281
pyrazine —0.33477-0.394 04 35.7053-12.6127 —8.1419
pyrimidine —0.34061—-0.38841 35.5171-12.2976 —10.9030
pyridazine —0.34652—-0.388 76  40.3489-12.4220 —6.6516
naphthalene  —0.237 10—0.348 27 —18.3860 —15.3440 —5.3417
quinoline —0.25524-0.347 89 —2.1963 —15.2104 —7.2253

cyclobutadiene —0.218 14—0.34537 —4.9573 —9.3816  2.4002
8lannulene —0.190 78—-0.34723  7.7811-13.1722 —1.9217
10Jannulne —0.22705—-0.346 72  33.3207—14.4638 —6.7018
—0.18467—-0.35059 23.3433-15.3756 —3.7075
—0.210 76 -0.35032  41.5411-16.2131 —5.4773
—0.18185—-0.35022 41.9804-16.9334 —4.6710

[14]annulene
[16]annulene

more reactive toward electrophilic attack than the localized
system as far as the charge transfer is concerned.
Electrophilic attack gives the aromatic compound an inter-
mediate cation while it distorts the aromatic ring. What happens
next is determined by the relative activation energies, of
deprotonation to give an aromatic compound and of simple
nucleophilic addition to give a nonaromatic compound. As a
mechanical property, the rigidity of the aromatic ring should
be an important factor for determining the relative activation
energy.
The aromaticity of three heterocycles, pyrrole, furan, and

m-system that distorts the molecule and its reference structurethiophene, is characterized by a very high degree of reactivity

from the optimized geometry withN = 0.254 to one with
AN = 0.283 (Figure 6), and the-framework only possesses a
tendency to level out of the differences in the bond length
between the formal double and single bonds.

The following calculation results are particularly notewor-
thy: (i) the net driving force & = 0.0137 hartree) in the
DSl state is stronger than thatg™? = 0.0059 hartree) in the
FUD states; (ii) the VRE (3.95 kcal/mol) in thiy geometry
is less destabilizing than that (15 kcal/mol) in the optimized
geometry. Keeping these in mind will help us to understand
why furan-like species are aromatic and why,3$imore stable
than regular hexagonalgH

3.3.3. CyclobutadieneThe calculation resultsdE®
0.0425,dE{® = —0.0437,dE"? = 0.0691, anddE(™”
—0.0392 hartree, show a distinguished difference in the driving

toward substitution by electrophilic reagents. Particularly,
electrophilic attack occurs more readily at theosition than
at thep-position* An important feature of furan-like species
is, as previously mentioned, that electrophile addition occurs
at the 2,5-positions rather than at the 2,3-positions. All these
experimental results imply that the aromatic ring in furan-like
species is much more rigid than the benzene ring.

According to eq 53 AEY. is the contribution taAE’ made
by the whole peripherad-bond system, and it might be used
to estimate the rigidity of the aromatic ring;E\éH refers to an
average component oAE‘J’ in each CG-H bond, and the
contribution made by each CH bond to the tata¢lectronic
energyE™ is denoted a&Y. AEY,, andEZ?) appear to be
able to scale the tendency to deprotonate.

There are fundamental and great differences in the sign and

force between aromatic and antiaromatic compounds. In andsize of these three energy effects between furan- and benzene-

only in the case of cyclobutadieng&! < |dE“)| anddE” >
0.0. In the DSI state, an effective driving force arises from the
o-framework, and it distorts the optimized structure to dag
geometry with the smalleAN.

3.4. The Five-Membered Aromatic Ring Is the Most Rigid.
A great number of the experimental data indicate that the
m-delocalization always reduces the ionization poteritidh

like species andNJannulene. Of all the compounds listed in
Table 8, the furan-like species, except for thiophene, possess
the most stabilizingAEY. and the most destabilizingEZ,,.
Meanwhile, the values of theEZ? are very close to that in
benzene, and are much less than thoseNjarinulene. The
differences inAEY. and AEY,, between pyrrole and benzene

are, for example, large, up t6:90.30 and 36.83 kcal/mol,

line with the experimental results, the eigenvalue of the highest respectively. These energy features, together with the charac-

occupiedr MO in the FUD state is always larger than that in
the DSI state (Table 8). The delocalizagsystem should be

teristics of the driving forces, indicate that the heterocyclic ring
in each of the furan-like species should be much more rigid
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TABLE 9: Interaction Energy 0.5 ZAEE,‘{]) between Hydrogen Molecules, Its ComponentiAEﬁq and ZAqu Associated with the

Two- and Four-Electron Interactions, the Energy Effect YAEY, the Total Electronic EnergiesE®© and E@ in the FUL and DSI
States, and the Vertical Delocalization Energy (VDE) (Energy in hartrees)

dsn(R) Ri(A) 0.55 AEY) YAEZ, ASE;, SAEY E© E© VDE
0.000 1.39 —1.169 28 —1.1101 0.0687 1.1919 —7.1102 —7.0876 0.0226
0.089 1.35 —0.851 38 —0.9149 0.1466 0.8961 —7.1370 —7.0922 0.0448
0.144 1.32 —0.637 95 —0.7683 0.1883 0.6942 —7.1577 —7.1016 0.0561
0.229 1.28 —0.40553 —0.5913 0.2204 0.4701 —7.1859 —7.1212 0.0647
0.410 1.20 —0.116 32 —0.3286 0.2241 0.1821 —7.2442 —7.1784 0.0659
0.530 1.15 —0.024 01 —0.2206 0.2025 0.0840 —7.2815 —7.2216 0.0599
0.657 1.10 0.025 21 —0.1447 0.1727 0.0261 —7.3188 —7.2676 0.0513
0.938 1.00 0.050 28 —0.0567 0.1076 —0.0183 —7.3921 —7.3602 0.0320
1.270 0.90 0.033 83 —0.0185 0.0524 —0.0183 —7.4587 —7.4433 0.0154
1.688 0.80 0.01270 —0.0044 0.0171 —0.0078 —7.5092 —7.5043 0.0049
2.000 0.742 0.004 96 —0.0015 0.0065 —0.0030 —7.5249 —7.5231 0.0018
SCHEME 2 1 -
rR1 _H 4 AE® H 107 = (c)-c
/ a (o) \
/A S /A AES _ W ZAEp
H / "H H H 2 05 \
R2 (o) E ™,
el B AED B | AE; = AN
8 s ﬂ_'?: " ML JELELLLETETEY "t PPPPPRR
k \/H H\C (o)H & ° Tt e o
H: \\ AE'éU) H AEbc @ 0s '+:.
a ° ¢ 055aE D
than the benzene ring, and itshydrogen is a good leaving é £
group. Those may be the reasons why the addition product is -1.04 J
eliminated greatly and it has to be replaced with the substitution L T T T T T
product when thex-carbon is attacked. The furan-like species 00 05 10 15 20
are still aromatic. da (A)

3.5. Regular Hexagonal H Is Unstable Due to the Figure 7. Energy effects 05AEY) " and Y AEY ™ in hexagonal i

o-Electron Delocalization. In hexagonal i, there is no as Boltzmann (dashed line) and exponential crecay (solid line) functions
m-electron. It is necessary to explain why 3l8 more stable of dsp.

than regular hexagonalgHthe phrase “hexagonalgHis often

shortened into “i§’ hereafter) in light of our previous results. ] .

In regular hexagonal §Hand its variousdsy hexagons, three 40+ /” N\,
hydrogen molecules Hwith the bond lengthr; (R, = 1.39- 1 7 \a
0.742 A) are arranged in such a way (Scheme 2) that @ll H s/

molecules R, = Ry, dsy = R, — Ry) have the same nuclear
repulsion energy. In the AB—C dissection as shown in Scheme
2, breaking of ther-bond is actually not involved. In this case,
the sublocalized FMO basis for each fragment can be obtained
directly from the full RHF computation for a hydrogen molecule
with the bond lengttR;. Then the localized FMO basis set for
a specific H is formed by the superposition of these three
sublocalized FMO basis sets. The conditional and full RHF T T T
computations, over the localized FMO basis set, provide a 00 0.5 10 L3 20
specific H with two electronic states, the FUL one with three da (A)
isolated hydrogen molecule_s_ and the DSI one W|th_a delocalized Figure 8. o vertical delocalization energyE, in regular hexagonal
o-framework. In the conditional RHF computation, all the 4 3ng itsds, hexagons.
elementsS; andF;; between hydrogen molecules are set equal
to zero since there is no singly occupied FMO in the localized function of dsy (dashed line in Figure 7). Of all Histed in
FMO basis set. Various energy effects and total electronic Table 9, this energy effect is most stabilizing at the regular
energies in each of 11¢olecules are listed in Table 9. When  hexagon. Meanwhile, the energy eﬁ@Eé“)_o, arising from
dsi = 2.0 A andRy = 0.742 A (an experimental value of  the effect of thes-delocalization on their originat-frameworks,
hydrogen-hydrogen single bond lengtF) the distanceR, = is destabilizing in the region d®, from 1.39 to 1.76 A, and it
2.742 A) between hydrogen molecules is so long that the total js an exponential decay function @, (solid line in Figure 7).
o charge-transfer energyAE>, between hydrogen molecules  The ¢ vertical delocalization energy (VDE) refers to the sum
decreases t6-0.32 kcal/mol and the four-electron destabilization of 0.5y AE©) " and JAE® ™, and it is always destabilizing
4 ; ; . Pq - .

> AE,, (1.36 kcal/mol) has predominated. In this casegchin (Figure 8). The maximuna VDE (41.35 kcal/mol) occurs in
be practically considered as 3Hnd its entropy should be less  the H; with ds; = 0.410 A. Thes VDE (14.18 kcal/mol) in
than that of the corresponding free hydrogen molecules. regular hexagonal is much less destabilizing. As far as the VDE

The energy effect O}_SAE,(D‘Q_", associated with the-elec- is concerned, regular hexagonad Bppears to be metastable.
tron interaction between hydrogen molecules, is stabilizing in ~ When VDE@sy) = E“(dsy) — E©(dsy) and the driving force
the region ofR, from 1.39 to 1.68 A, and it is a Boltzmann  dE“)(dsy) = E@(dsy) — E©@(dsy = 2.0) = dEC)X(dsy) + VDE-

30 KE‘?)
20 /

10

The a- Electron Delocalization
Energy ( keal/mol )
*.
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lVDE include not only the effect of ther-delocalization on the
71 - s ¥ m-system itself but also its influences on thxdramework and
o . various o-bonds. Possibly a mechanical property such as the
g 724 .t E© rigidity of the aromatic ring will be used as an additional
2 e criterion to measure the degree of aromaticity. Experiments to
;@ 734 \\+\ dE®ds)  dE“Ndsn) test the prediction about the VRE of furan-like species are
| '(;) -, underway.
'é 744 £ The energy difference\E"”) between the FUL and DSl
8 : states includes two energy effects, associated, respectively, with
B s w.l the g-orbital interactions between fragments and the intrafrag-
é‘ ment interactions between the singly occupied and all ather
-7.6 . . . ———— FMOs, and their effects on the originaiframework. The orbital
0.0 0.5 Lo L3 20 interactions resulting in electron delocalization should not
ds: (A) include the intrafragment interaction. Hexagonal Hakes it
Figure 9. Total electronic energieE® andE® in the FUL and DS possible to u_nderstand the nature of thdelocalization. The
states of hexagonal ¢as an exponential decay (solid line) and a fact that 3H is more stable than regular hexagonalad its
Lorentzian (dashed line) function dfy, respectively. explanation imply that the-framework should also be desta-

bilized due to thes-delocalization.

(dsh) (see Figure 9), we can find that the VDE and the driving  Our energy partition at the STO-3G level will be a hopeful
force for distorting H from its regular hexagon to thes, one tool for analyzing the mechanism of thecharge transfer in a
are two different physical quantities. The total electronic energy |arge molecule such as polynorbornylorous.
E©)(dsy) in the FUL state is an exponential decay function of
dsh (solid line in Figure 9), and the total electronic eneEy)- Acknowledgment. As one part of the State Key Basic
(dsp) in the DSI state is a Lorentzian function d§y (dashed Research and Development Plan (G1998010100), this work was
line in Figure 9). Owing to the VDElsy) > 0.0, the energy supported by the Chinese government, National Natural Science
E€)(dsp) is always higher than its corresponding eneE)- Foundation of China (Grants 29872042 and 39890390), Special
(dsry). Both driving forcesdE“)(ds;y) and dE©)(dsyy) distort the Foundation of the Chinese Academy of Sciences, and Research
Hes geometry from the regular hexagon to the hexagon with the Foundation of the Director of the Institute of Chemistry, Chinese
largest possibl@sy, and the driving forc&lE9)(dsy) is greater Academy of Sciences.
than dE©(dsy).
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