9912 J. Phys. Chem. A998,102,9912-9917

Derivatives of Molecular Valence as a Measure of Aromaticity
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Derivatives of the molecular valence have been calculated ab initio within the new non-finite-difference
approach elaborated on earlier for the global hardness and the Fukui function indices. The group of 10
five-membered-ring molecules;84,X has been chosen for a test, using the exaltation of the total magnetic
susceptibility \) as a reference measure of their aromaticity. An excellent correlation has been found between
the molecular valence derivatives in the nucleophilic regime and the exaltatitor both the aromatic and
antiaromatic molecules. Calculation of the valence derivatives provides an absolute measure of aromatic
character that is not directly dependent on the size of the molecule and does not require adopting any standard
reference molecule.

Introduction part in driving chemical reactiord. Parr et al have demon-
strated the linear correlation betwe&p, and resonance energy
per z-electron (REPE) for a range of carbocyclic and hetero-
cyclic molecule$. The HOMO-LUMO energy gap represents
wice the absolute chemical hardness of a molecule; the relative
ardness is defined as the difference between the value of
absolute hardness for a given molecule and for the corresponding
acyclic reference structure. Compounds with large relative
susceptibility anisotropy and exaltation, and most recently the hard_ness are expected to b.e aromatic, anql those W'th very small
nucleus independent chemical shifts, NECSThe magnetic relatlvg hardness are pred_|c_ted to be an_uaromgtlc.
criteria of aromaticity are of particular interest in their relation !N this paper the aromaticity of the series of five-membered
with the molecular electron density. They stem from the model Neterocycles @HaX is revisited. On the basis of several
of interatomic ring currents induced in conjugated cyclic gromaﬂcny crlterla,_ the mole(_:u_les in the series can_be ordgr_ed
molecules by external magnetic fields as proposed by Pagiling. I terms_of decreasing aromaticity and increasing antiaromaticity
Molecules that sustain the diamagnetic ring current induced by for X being CH','S, O, SiH', PH, Ch, AlH, BH, SiH', CH*.°
an external magnetic field are termed diatropic and classified 1€ &im of this work is to explore if the theoretical as well as
as aromatic. By contrast, molecules are antiaromatic if the ring COMPUtational tools now developed in the density functional
currents are paramagnetic (paratropic systems). An interestingin€0ry can be further applied to the description of trends in
magnetic manifestation of aromaticity is represented by the aLlromathlty in this classic group. First, the absolute hardness
exaltation of the total magnetic susceptibiligx)(introduced ~ (72AnL) is tested as a measure of the aromaticity of the group
by Dauben Jf.and extended by Kutzelnigg et.aknd von membgrs_. Secon_d, the new prospective measures of the
RagueSchleyer et af The exaltation of the total magnetic aromaticity are derived from the concept of _mole_cular \_/aler_lce
susceptibility A is by definition the difference between the 2@nalyzed in terms of the DFT method, i.e., including its

magnetic susceptibility of a cyclic conjugated system and that der?vat@ves with respect to the number of electrons. These
of hypothetical cyclic system with localized double bonds in derivatives have been calculated by the newly developed

Aromaticity, the property resulting from cyclic conjugation,
is an important concept in organic chemistryProperties
implying high aromaticity, i.e., high stability, low reactivity,
and sustained induced ring current, are commonly characterize
by a number of criteria: geometric (bond length alternation,
bond order, and ring current indices), energetic (stabilization
energies), and magnetitH NMR chemical shifts, diamagnetic

which the ring current vanishés.For an aromatic ring\ is nonfinite difference approximation for the derivatives with
negative (diamagnetic), and for an antiaromatic ringis respect 2t° the number of electrons within a HartrBeck
positive (paramagnetic). The diamagnetic susceptibility exalta- SCheme? The magnetic susceptibility exaltation has been
tion is uniquely associated with aromaticiyhowever, it is chosen as a reference as its high correlations with the energetical,

highly dependent on the ring size and requires suitable calibra-9€0Metric, and other magnetic criteria are well establigled.
tion standards. ) . . :

A new group of criteria of aromaticity directly related to the ~Calculation of the Global Reactivity Descriptors in the
electronic structure has been formulated not long ago by parrDFT

and co-worker$:? The value of the HOM@LUMO energy Density functional theory (DFt} has provided solid support

separationAn, may serve as an index of structural stabifity oy traditional chemical ideas of electronegativftynd hard-

and reactivity whenever the HOMO and/or LUMO orbital take ness's and it has also introduced new descriptors such as
* Corresponding author hardness and softness kernélglobal and local softnesg,and
TWmdaﬁ, Univ%rsity of Technology. the_ Fukui functio_nl.8 _Global_ and local descriptors in DFT are
*Vrije Universiteit Brussel. typically the derivatives with respect to the total number of
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electrons at constant external potentiadgl).).1° The deriva-
tives at some integral valudy will in general have different
values on the right-handN§ + 6) and on the left-hand sidég
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whereS s the overlap matrix. The definition of the bond order
has been explored for the determination of atonvig){? and
molecular valence\{y):232*

— 0). Hence, three sets of indices result: the right-hand-side
derivative (reactivity toward nucleophilic reagent), the left-hand-

side derivative (reactivity toward electrophilic reagent), and the
average (reactivity toward an radical reagent). Electronegativity
and global hardness in the DFT framework are the first and the

(6)

1
Vp= ;BlAB Vn = EZVA
=

second derivatives, respectively, of the electronic energy with

respect toN at a “frozen” geometry of the molecule.

In the calculation scheme for derivatives with respecNto
in the framework of the HartreeFock approximation proposed
by Balawender and Komorowsk electronegativity is equal

to
= _(B_E) _ [X+ = ~€umo
N W WX = “Ciomo
whereeyomo ande uvo are frontier orbital energies:H) and
(=) denote the right-hand\g + 0) and left-hand-sideNp — 0)

)

derivatives, respectively. The global hardness is thereby

expressed as

1[{5°E
n=—-—
2

1 vir occ
=-Jeyo + U;[2(i, ]IFMO, FMO) —
IN? »(r) 4 Mo ZZ !

(i, FMQJj, FMO)] (2)

Jrmo = (FMO,FMOIFMO,FMO) is Coulomb integral for the
frontier orbital (FMO), and i{|kl) stands for a two-electron
repulsion integral in MO basis.

The U matrix is by definitiod? related to the derivative of

The molecular valence can be rewritten in following way:

W=,Y 333 F9,09, =
MO MO
%(an - 22 (PS),. (PS),,) = E(an - ZIAA) 7)

The set of above quantities represents a recent generalization
of well-established chemical concepts. The intlgyhas integer
values in the specific case of some homonuclear diatomigs (H
N, and F) treated at the minimal basis level. The deviation
from the integer values may be due to the nonorthogonality, to
delocalization effects, and especially to the partial ionic character
of the bonds formed between two atoms of different electro-
negativities. The/a values for a given atom type differ from
molecule to molecule, but they are always very close to classical
valence values of this atofi. The Vy for closed-shell systems
is equal to the difference between the total number of electrons
and the sum of all one-center bond orddga) which have no
chemical significance.

Using eq 7, the molecular valence may be transformed into
the sum of orbital valenceg;:

the molecular orbital coefficients matrix: e oo MO
VM = _Z(ni - 2 ZZ(P S)‘uv (Ps)vlu) = ZVI (8)
(@) — CU (3) 2 I UHERAVE I
IN/v(r) .
where @), = cinici, and by definitiod*
A calculation scheme for the elements of thenatrix has been
elaboratedU; values are directly available from a simple ab 1 AOAO
initio SCF calculation for a neutral molecuf. The result for V. =-(n?- (P's),, (PS),,) 9)
2 nehve ! .

the electronegativity (eq 1) is identical to the molecular orbital
theory approach using Koopmans’ theorem; the results for
hardness (eq 2) represent a remarkable extension of earlierThe MO valence has the following trends: (i) zero or low values
simplified models. The global hardness in the finite-difference for core, antibonding, and lone pair molecular orbitals; (ii) high
approximation is simply the energy gap between the HOMO Values for strongly bonding molecular orbitals.
and LUMO22in a more refined consideration global hardness ~ When the approximation introduced for th@C{aN),
was related to the Coulomb integrabfemo).2%2¢ The hardness derivative in eq 3 is applied to the derivative of the valence,
given by eq 2 contains an additional term corresponding to the the analysis must proceed step by step. The derivative of the
relaxation of the electron system, directly resulting from the density matrix with respect thl at “frozen” geometry i¥
adopted approximation fob/oN), (eq 3). The same method
is now applied to the derivatives of another chemically (ﬂ:’) - C((a_”) 4+ Un— nU)CT =P +PY (10)

v(r) v(r)

significant quantity, the molecular valence. oN oN
Molecular Valence and Its Derivatives where
The density matrix in the LCAO method may be formulated " an T U T
as P = C(ﬁ) C PU=C(Un—nu)CT (11)
v(r

P=cCnC’ 4

where the element; of the diagonal matribxn represents the
MO occupation (2 for an occupied MO and 0 for a virtual MO
for a closed-shell system). The bond ordésg) has been
defined by Maye® as

g = Z (PS)W (PS)W

The P! matrix accounts for the effect of changing MO occupa-
tions with “frozen” molecular orbital coefficients, angV
represents the MO relaxation contribution for the frozen MO
occupations. The elements of the diagonal mditare all equal

to zero, except the element for the FMO which is equal to unity.

1 i=FMO

5 _
©) f‘_{OizFMO

(12)
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The derivative of molecular valence (eq 8) becomes after It is instructive to analyze these results when simplified via

rearranging Koopmans’ theorem (matrixJ = 0). The value of the left-
hand-side derivative reduces to the valence of the HOMO
(3VM) e (3|AA) orbital:
ON Jv(n) . fn ZZ ON Jv(r) 8VM -
AO AO N o = Vyomo (21)
Sin- 555 ) ¢ @9, a9
A AN/ () For addition of electrons one obtains in the same simplifying
The derivative of an orbital valence (eq 9) is scheme
aV, AO AO AO
vV, AO AO m|"
( fin — _Z ZZ((( ) ) PS),, + N o = _ZZ ( CﬂLUMoCALUMOSAV)(PS)m
BN v(r) uehve 8N 'V(I’) " chve 4 av
LUMO
“\aN o0 o d »(r)

— , . . The lack of symmetry between the two derivatives) (is
The MO valence derivatives for virtual orbitals vanish, except striking. Comparing eq 22 and eq 18 leads to an interesting
for the LUMO in the case of a nucleophilic attack derivative).  conclusion approximately valid only for the right-hand-side
For core orbitals dVi/oN),() will be zero or very close to this  yarivative:
v\ *+
. (23)
v(r)

value. Due to restricted occupation in the HF method
oN

+
Mumo oce

oN

f =
(P u zcylflcvl = /AFMOCVFMO (15) v(r) 1

Comparing this result to eq 21 fully exposes the unsymmetry
Using egs 10, 11, and 15, the molecular valence derivative ponyeen the two sets of derivatives of the molecular valence

expression (eq 13) is finally (£), applicable for the nucleophilic and electrophilic attack,
Vy respectively.
m () = TemoNevo Calculations and Results
RORO RO The geometry of all molecules was optimized at the MP2/
22 (ZQuFMOCAFMOS/lv)(P$Vﬂ - 6-31G* ab initio level with the Gaussian 94 pack&geinning
eAve on the CRAY J916/8-1024 computer of the Brussel's Free

oo U Universities Computer Center. All calculations for molecules
ZZZ(P S)‘W (PS)W (16) were performed at their singlet states in accordance with

uenve previous work$. Input data for calculations of thg matrix
have been obtained at the RHF/6-31G* ab initio level with the

For a nucleophilic attack eq 16 becomes -
GAMESS packag€ running on the same computer. The

oVy\™ AO magnetic susceptibility exaltations calculated with the IGLO
— —Z Z (ZCﬂLUMoCALUMoSnv)(PS)W - method® and basis set Il were taken from ref 4.
ON /v() cAve Neither the global electronegativity (eq 1) nor the global

ZZA (pU*S)W PS),, (17) hardness as defined by eq 2 shows correlation with the
pa b “ aromaticity index. In Table 1 the average values f6) and

(—) derivatives are reported. The calculated HOMQJMO
or using egs 8 and 14 gap () known to produce linear correlation with standard

v\ N oco[a\V/\+ quantitative aromaticity criteria in many groups of molectifeé?
( M 4 z(_' (18) reveals a remarkable linear correlation withfor the com-
N v v G\INSo) TABLE 1: Calculated Magnetic Susceptibility Exaltations A

[ppm], Average Electronegativity, the Half of

The first term represents the contribution to the derivative from LUMO —HOMO Energy Gap (An./2), and Average
the subspace of virtual MO’s. The second is contribution from Hardness (All in eV)

8VLUMO

oN

occupied MQO's. For an electrophilic attack X sym Al P Anl2 n
OV 20 CH"  Cy 32.6 10711 4226  1.544
M o ( c S.)(PS SiH" Gy 13.2 10.048  4.478  1.437
ON ZZ CuromoC2HOMO % e BH Ca 12.8 3581 4.814  1.427
v SAER 7 " AH Gy 11.2 3.642 4690 1.281
PY'S) (P 19 CH, Cy —2.4 2207 5.929 1.395
2;;( o Py (19) PH Cs -3.3 2,969 5668  1.306
SH- G 7.7 —-3.372 4705  1.313
or o) Ca -9.1(-8.9) 1.962 6528  1.549
S C,  —10.01(13) 2574  6.139  1.399
Vo \-  ocefav)- NH Co  —12.11(10.4) 1.178  6.640  1.498
M Z N (20) CH  Ds, —17.2 -6.085 6.725  1.321

ON Jury G \ONJw() a Experimental estimate in parentheses, ref 3.
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Figure 1. Plot of the magnetic susceptibility exaltatiohs/ersusAu. Figure 2. Plot of the magnetic susceptibility exaltations versus

for C4H4X rings. The correlation coefficient of the regression lide ( V. JIN) . f HLX T
= —12.93\ + 72.28) isR= 0.98 (empty circles, compounds omitted (Vi/ON),q for CaHaX Tings.
in correlation).

pounds under study in this work (Figure R, = 0.98; the 30 | ‘
cyclopentadienyl cation and silolyl anion have been omitted).
1/,An. for antiaromatic molecules is around 4.5 eV including
the cyclopentadienyl cation, which is, however, inconsistent with
the exceedingly higiA value for this molecule /A, for the
silolyl anion, aromatic byA and other criteria (see ref 6), is in
the range typical for antiaromatic compounds. High absolute
hardness Y(,AnL) is associated with high stability and low
reactivity, typical features of aromatic compounds. Also, the
dependence of the paramagnetic term upon the energy gap has
been reported elsewhete. o L
The total valencies for the moleculegy) as well as those
for HOMO orbital /omo) are reported in Table 2. AWyomo's
are around 1 with the notable exception of the silolyl anion.
NeitherVyomo nor Vi parallels the trends given hy the chosen
measure of aromaticity.

Alppm]

Properties of §V,,/oN),,, and @V,/N),, appear distinctly e
different (eqs 1723); this has been further tested through the 2 e . 04 0.0
numerical results. The plot of left-hand-side derivative /v,

(Vw/oN), ) versus magnetic susceptibility exaltations is Figure 3. Plot of the magnetic susceptibility exaltatiors versus

shown in Figure 2. As expected from eq 21, the derivative (3Vy/dN),, for CiHaX rings. The correlation coefficient of the
shows a rather weak variation within the group of molecules; regression line4 = 31.16¢V,/oN),, + 21.65) isR = 0.98 (empty
the approximate character of eq 21 is clearly seen in the datacircles, compounds omitted in correlation).

for (8V/oN), ) andViomo in Table 2. tion with the magnetic susceptibility exaltations(Figure 3,R
In contrast to §V),/oN),,, the right-hand side derivative of = 0.98; the cyclopentadienyl cation omitted). Better still, a plot

the molecular valencea‘(/MlaN)j(r) shows remarkable correla-  of the magnetic susceptibility exaltationsversus the sum of

TABLE 2: Molecular Valency and Its Right- and Left-Side Derivatives

X Vi Viomo (AVmlIN)~ (AVmIANY* (VLumol INY* 3OV, 1aN)
CH* 11.349 1.027 1.392 -0.134 —0.281 0.147
SiH* 11.546 1.015 1.324 -0.212 ~0.208 —0.004
BH 11.594 1.015 1.316 -0.395 —0.289 —0.106
AlH 11.459 1.026 1.344 —0.274 -0.172 -0.102
CH;, 12.436 0.989 1.299 -0.791 -0.527 —0.264
PH 11.529 0.976 1.234 ~0.852 ~0.533 -0.319
SiH- 11.633 0.431 0.413 -0.947 —0.544 —0.403
o 10.482 0.953 1.170 —0.998 ~0.609 —0.389
s 10.729 0.928 1.150 -1.074 —0.629 —0.445
NH 11.486 0.924 1.185 -1.047 ~0.655 -0.392

CH- 12.138 0.809 0.912 —1.148 —0.567 —0.581
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describing the aromaticity. The left-hand-side) (derivative
@ o describes the effect of the electrophilic attack (eqs28). The
major part of this index is the valence of the HOMO orbital, as
shown by eq 21, its validity being confirmed by the data in
Table 2. Typically, the HOMO orbital is bonding in nature;
hence, these derivatives do not show any significant variation
even for highly different molecules. Calculated values of
(0Vp/9N), ) = Viowmo are all around 1.2 (except for the silolyl
anion), corresponding to fact that the HOMO orbital is delo-
calized and has strongly bonding nature. Departure of the silolyl
anion from that trend can be readily explained. The ground-
state conformation of the silolyl anion is a pyramidal
structure, and the electron delocalization is significantly reduced
in the Cs as compared to the to th@,, form3! The planar
form is more aromatic, but the gain in aromaticity is insufficient
to overcome the energy required for planarization. Hence, the
character of the HOMO orbital (localized on Si) is more like
the silicon lone pair orbital rather than a bonding molecular
_ 02 orbital; this is reflected by the left-hand-side derivative equal
Sowjavy, 0.413, much less than for a molecular bonding orbital (Table
2). (In the PH derivative of the same symmetry the HOMO is
not localized on the phosphorus atom.)

The right-hand-side+) derivative of molecular valence with
respect td\ measures reactivity toward a nucleophilic reagent
the right-hand-side derivatives of the occupied MO valencies (the increasing number of electrons). The data in Table 2
Ziocc(avilaN):(r) shows an excellent linear correlation that ex- confirm the rough validity of eq 22 for the aromatic molecules
tends from the highly antiaromatic singlet cyclopentadienyl only; it is obviously inapplicable for the antiaromatics. The
cation to the highly aromatic cyclopentadienyl anion (Figure 4, peculiar character of the sum"CC(aVi/aN)j(r) in describing the
R = 0.98). The calculated\ (column 3 in Table 1) can be aromatic, as well as antiaromatic character of a molecule is
confronted withA given by the linear correlation in Figure 4.  striking. The sum may be considered as a “valence probe”: it
The cyclopentadienyl cation is the most antiaromatic molecule reflects the changes in valences of all MO’s (whose occupancies
(A = 32.6, predicted 28 ppm); the predicted anitaromaticity of are not altered) upon disturbance by the addition of an electron
the alumol and the borol is almost equal to (11 ppm) the to the empty LUMO orbital. This “valence probe” can only be
calculated values being 11.2 and 12.8, respectively. Cyclopen-applied to the nucleophilic attack. When electrons are extracted
tadiene and phosphole are “borderline” aroméfiog A). They from the system’s HOMO (electrophilic attack), the original
may be classified as nonaromatic compounds, as suggested bglectron system that could produce the probe effect is disinte-
other analyse%. The aromaticity order shown by the grated by the drastic change in HOMO’s occupancy and the

Alppm]

Figure 4. Plot of the magnetic susceptibility exaltations versus
z;’°°(avi/aN)j(,) for C4HsX rings. The correlation coefficient of the
regression lineg = 67.01{?°C(8Vi/8N);’(,) + 18.13) isR = 0.98.

Y °(0Vi/oN),;,, derivative is furan< pyrrole < thiophene, probe system collapses.
which corresponds to the estimated experimental values of Changing the valence of LUMO is a gross effect that accounts
rather than to calculated ones (Table 1). for the large part of the change in overall valence. Variation
) ) . in zf’“(avi/aN)j(r) is certainly a more subtle effect, yet seems
Discussion and Conclusion to contain the essence of the aromatic properties. Analysis of
Of the two available measures of global hardn&sa,, and that effect became only possible as a result of the novel
1, only Y,Ap. shows general correlation with aromaticity. approximation for the derivative of LCAO coefficients, eq 3,
Analytical hardness; shows a correlation withA for the for which this present work provides further support. Two facts
aromatic group only, X being O, S, NH, and CHTable 1). are important with respect of aromaticity. (i) The “valence

This observation confirms a much different character of both Probe” of aromaticity seem to describe properly full spectrum
measures of hardne&sthe meaning of the analytical hardness ©f molecules, aromatic, and antiaromatic as well as nonaromatic.
7 (eq 2) is yet to be discovered. It is quite possible that (ii) No reference is needed and the probe can be applied to any
subtleties ofy are masked by thdrvo integral dominating molecule. Working with the formulas for orbital, atomic, and
analytical hardness (eq 2). molecular valences may open a way to applications of the
The exaltation of the total magnetic susceptibility) (s by “valence probe” to a reasonably chosen part of any molecule
definition the difference between the magnetic susceptibility of @s Well. This aspect of the “valence probe” makes it worth
a conjugated system and that of the corresponding cyclic systemfurther investigation, despite the relative complexity of the
with localized double bonds\y). The level of conjugation is ~ computational apparatus.
directly related to the molecular valence,Aanay be roughly
proportional to the difference between the molecular valence  Acknowledgment. This work has been supported by the
of the conjugated system and the molecular valence of the cyclic Polish Committee for Scientific Research (KBN) under the
system with localized double bond&Vy). It is quite interest- statutory funds at the Faculty of Chemistry, Wroctaw University
ing to see in the results of this work that this difference is well of Technology; it also benefited from the bilateral agreement
approximated by the derivatives of the valence with respect to Poland-Flandres (Belgium). F.D.P. acknowledges the Fund for
the number of electrons at frozen geometry. Scientific Research Flandres (Belgium) (FNO) for a postdoctoral
A very interesting result of this work is the distinct difference fellowship. R.B. and F.D.P. enjoyed visits in Brussels and
between the-{) and () derivatives of molecular valence, in  Wroctaw, respectively, while working on this paper. Comments
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