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Abstract A recently @veloped special MNDO parameterization for NMRemical shifts is used to
compute the raleus-independerthemical shifts (NICSfor a wide range ofrganic molecules, in-
cluding [nJamulenes, polycyclic hydrocarbons, heterdesg cage molecules, fullerengand peicyclic
transition sdtes. The results @& compared with published NICS datanfrab initio and density func-
tional calculations. lmgeneral, there is reasadle ageement.The semiempirical NICSralues tend to
be smaller in absolutealue than theiab initio counterpartsbut they often sbw similar rends. The
aromatic or antiaromatic ctecter of a gyen system can mmaly be assigned correctly on the basis of
the MNDO NICSvalues.
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magnetic criterion for aromaticity [3]: nucleus-independent
chemical shifts (NICS)hich ae computed as the gative
o . o ) " magnetic shielding at some selected point in space, e.g., at
Aromaticity and antiaromaticityra basic qualdtive con- g ring cente This aiterion has been applied in maab
cepts that are widely used in chemyqt,2]. There are three  jnjtio and density functional studies since then (see refs. [4-
major giteria for classifying a iyen system as being aro- 30] for an incomplete list of such applicatioriBjese stud-
matic or antisomatic: enegies (aomatic §a3|llzatlon gnd ies rave demonstrated that NICS is a useful indicator of
antiaromatic destabilization), geometries (aromatic bondyomaticity that usually correlates well with the otherrene
length equalization and antiaromatic bond length alternagetic, geometric, and magnetic criteria for aromagiditiCS
tion), and magneticfects sgh astH-NMR chemical shifts 55 the adantage that it is aather direct manifestation of
or magnetic susptibility exaltation and anisotnay (result-  ¢yclic electron delocalizatiowgich is commonly connected
ing from aromatic diatropic and antiaromatic pargtroplc "N9with the notion of aromaticity). In addition, it is affextive
curents). In 1996, Ghleyer et al poposed andditional  prope for local eomaticity in the indvidual rings of poy-
cyclic systems.

We have recently implemented [31] tlegaluation of the
—_— ) NMR chemical shift tensat the semiempirical MNDGCelel
Correspondence td. Thiel [32] usinggauge-including atomic orbitals (D) and ana-

Dedicated to PofessorPaul von Ragué Scwer on the oc- Iyt|C delivative theo‘]. A SpECiaI MNDO parameterization
casion of his 70birthday has been carried out for the elements H, C, N, and O [31] to
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reproduce the experimental NMR chemical shifts for a largéth regard to improvements in the theoretical level. For ex-
number of (mostly organic) molecules and ions. The finample, introduction of diffuse functions (6-31+G* vs 6-31G*
rms deviations from experiment are less than 5% of the tdiakis, level B vs C, see Table 1) may cause NICS changes up
chemical shift range for each element [31]. In the preséot2 ppm for neutral molecules or cations, and up to 6 ppm
paper we apply this GIAO-MNDO approach to compute NIGS8r anions [3]. Therefore, it seems best not to focus on small
values for a wide range of organic molecules, in order qoantitative discrepancies in Table 1, but rather on larger ef-
assess its performance in this area through comparison \iéttts and on qualitative trends.
publishedab initio and density functional NICS results. We shall now discuss the individual eesrin Table 1.
Aromatic and antiaromatic rings are associated with highly
negative (i.e. shielded) and positive (i.e. deshielded) NICS
values, respectively. In view of previoab initio results [3-
30], e.g. the NICS values [3] for benzene (-10 ppm) and
. ) ) cyclobutadiene (+28 ppm), we shall label a system as being
The original GIAO-MNDO paper provides two differengromatic (antiaromatic) if itab initio NICS value is below
parameterizations (methods A and Bspectively) and an .5 ppm (above +5 ppm).
analysis of the influence of the three-center terms on the comyNDO confirms the five-membered heterocycles pyrrole
puted shifts [31]. In accordance with the given recommenggq furan to be aromatic, with NICS values that are slightly
tions [31] all present NICS results have been obtained widy negative in MNDO. The NICS value of cyclopentadiene
parameterization B and with inclusion of the three-ceniggm MNDO is clearly too negative, but the differences be-
terms. Thecomputational procedures have been fully docyyeen cyclopentadiene and its ions are well reproduced
mented [31] and used as implemented in the MNDO97 piiNDO/ab initio: anion -10/-11 ppm, cation +53/+57 ppm)
gram [33]. _ . indicating that MNDO properly differentiates between the
It is well known that NMR chemical shifts depend on 9ggromatic cyclopentadienyl anion and the antiaromatic
ometry, often in a fairly sensitive manner [34]. Generally, @§ciopentadieny! cation. For indene4t€) and fluorene
recommended [31], the present study employs geometr@e%Hlo) as well as the corresponding indenyLKc) and
obtained from standard MNDO [32] calculations, which hayg,oreny| (CH,) cations and anions, MNDO gives the cor-
been optimized within the same point group as in the refgget sequence of NICS values for the five- and six-membered
enceab initio and density functional studies [3-12]. The diffings in all cases, even though the differences between the
ferences between the MNDO and the reference geometfiigs are underestimated iour cases. The indenyl and
will cause some of the observed deviations between the GRorenyl anion are confirmed to be highly aromatic, while
responding NICS values.his seems acceptable in a surveihe indenyl cation is antiaromatic. As found previously [6]
study as long as the differences in geometry can be congigpentagon in the fluorenyl cation is antiaromatic while the
ered minor, which is usually true. In a few rare cases, haexagon is nonaromatic.
ever, these differences were large enough to necessitate thgenzene is the prototypical aromatic molecule. The
use of constrained geometries (details see below). MNDO NICS value of -11.6 ppm islase to theab initio
reference value of -9.7 ppm. In seveadl initio studies
[3,7,8,13,14,18] it has been considered advantageous to dis-
Results and discussion cuss NICS values not only at the ring center, but also above
the ring, e.g. at a distance of 0.5 A or 1.0 A from the center,

Table 1 compares the NICS values from GIAO-MNDO witlp order to minimize the influence of theelectrons in the
those from publisheelb initio and density functional studies/N9- Therefore, Table 1 also contains several other NICS data

; , : for benzene along the,G@xis. At adistance of 0.5 A, the
[3-12]. Figure 1 shows a corresponding correlation plot, amDO and ab initio values almost coincide, and thereafter

Table 2 presents a statistical evaluation of the data. : o i .
; i they fall off in a comparable manner with increasing dis-
Since GIAO-MNDO parameters are currently only ava|[ nce (MNDO somewhat faster).

able for the_ elementfs H, C, N, ano[ O [31], our compansoliSe, e next four erigs in Table 1there is good agree-
are essentially restricted to organic molecules. Within th|sent between the MNDO anab initio NICS values: o-
limitation, we have attempted to cover a broad range of r :

erence compounds, supplementing the molecules studie qﬁzyne, tropylium cation, and cyclooctatetraenyl dication

the original NICS paper [3] with other classes of compoun d dianion are all aromatic, as expgcted, and of the Iatt<_er
[4-12] such that our chosen validation set includ 0 systems, the aromatic character is more pronpynced n
[nJannulenes, polycyclic hydrocarbons, heterocycles, ¢ C(gan\'/zrrl']gsonicneé?(':r;%en'Qi’;?erggfﬁeigggiﬁgekgﬂ? e
molecules, fullerenes, and pericyclic transition states. lononatetraenvl anion (8- D.) with 10 Teelectr nyp
Theab initio reference data in Table 1 have generally beg}‘%oho I\a/ll__eb.ae yl anion (B, ,I' o) . " Trelect r?SS
computed at a reasonably high level [3-12], typically GIAGH the Mobius-type monocyclic cationgtf, C,) wit

: . : _aqiEglectrons are aromatic; this is confirmed by MNDO for the
RHF at B3LYP geometries using basis sets of at least 6-3 {]Ckel-type anion and. to some extent, also for the Mobius-

or polarized double-zeta quality. However, it should be ke;%%e ’ } S
C cation (NICS: MNDGEb initio -5/-13 ppm). Further-
in mind that the reference NICS values are not yet conver Sre, both approaches agree that two othg, Ccations

Computational method
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Table 1 (continues next pageComparison of NICS values (ppm) from MNDO aihdinitio calculations

Molecule PG Ring MNDO ab initio reference data
[a] [b] [c] value level[d] ref[e]

pyrrole G, 5 -18.0 -15.1 A 3
furan G, 5 -16.0 -12.3 A 3
cyclopentadiene & 5 -11.1 -3.2 A 3
cyclopentadienyl anion D] 5 -21.5 -14.3 B 3
cyclopentadienyl cation £ 5 41.5 54.1 C 6 (4)
indene G 5 -7.8 -1.4 C 6 (8)

6 -10.7 -11.3 C 6
indenyl anion G, 5 -19.9 -19.5 C 6 (2)

6 -11.0 -12.5 C 6
indenyl cation G, 5 18.9 34.5 C 6 (5)

6 5.4 8.6 C 6
fluorene C, 5 -4.7 0.5 Cc 6 (9)

6 -10.3 -10.7 C 6
fluorenyl anion G, 5 -16.3 -16.4 C 6 (3)

6 -10.9 -12.4 C 6
fluorenyl cation G, 5 13.2 24.7 C 6 (6)

6 0.6 1.9 C 6
benzene B, 6 -11.6 -9.7 B 3

6 +0.5 -11.2 -11.5 B 7

6 +1.0 -8.8 -11.5 B 7

6 +1.5 -5.9 -8.4 B 7

6 +2.0 -3.8 -5.3 B 7

6 +25 -2.5 -3.4 B 7

6 +3.0 -1.7 -2.2 B 7
0-benzyne (04 6 -19.4 -20.8 B 7 (1)
tropylium cation Dy, 7 -7.3 -7.6 B 3
cyclooctatetraenyl dication & 8 -6.2 -6.4 B 3
cyclooctatetraenyl dianion & 8 -10.8 -13.9 B 3
cyclononatetraenyl anion i) 9 -10.8 -15.1 B 3
monocyclic (CH) cation G 9 -4.5 -13.4 D 10 (4)
monocyclic (CH) cation [f] C 9 6.6 8.6 D 10 (5)
monocyclic (CH) cation G, 9 41.6 42.0 D 10 (6)
all-cis-[10]annulene R 10 -10.9 -14.9 B 3
1,6-didehydro[10]annulene [f] D 10 -12.4 -17.3 C 4 (2)
dodecahedrapentaene [f] =P 10 -11.5 -16.5 J 9 (1)
all-trans-[10]trannulene [f] D 10 -14.2 -14.0 J 9 (2)
all-trans-[12]trannulene D 12 6.8 35.7 J 9
naphthalene D 6 -9.8 -9.9 B 3(1)
phenanthrene £ 6 inner -5.8 -6.5 B 3(2)

6 outer -10.4 -10.2 B 3
triphenylene D, 6 inner -1.7 -3.0 c 3(3)

6 outer -10.1 -10.8 C 3
anthracene D 6 inner -10.9 -13.3 B 3(4)

6 outer -8.1 -8.2 B 3
azulene [f] G, 5 -20.7 -19.7 B 3(5)

7 -6.7 -7.0 B 3
cyclobutadiene D 4 -0.1 27.6 B 3

4 +0.8 7.7
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Table 1 (continues next pagelComparison of NICS values (ppm) from MNDO aibdinitio calculations
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Molecule PG Ring MNDO ab initio reference data
[a] [b] [c] value level[d] refle]
pentalene G, 5 5.4 18.1 B 8 (1)
5+0.5 7.8 18.2 B 8
pentalene dianion D 5 -20.1 -12.2 B 8
5+40.5 -15.9 -11.7 B 8
pentalene dication D 5 -10.2 -5.6 B 8
5+0.5 -11.6 -11.6 B 8
acepentalene [g] C 5s 111 19.9 B 8(2)
5a 1.6 11.2 B 8
5s+0.5 6.5 13.0 B 8
5a+0.5 2.3 9.0 B 8
5s-0.5 14.9 22.0 B 8
5a-0.5 4.0 14.0 B 8
acepentalene dianion [g] £ 5 -17.0 -10.9 B 8
5+0.5 -12.8 -9.3 B 8
5-0.5 -15.2 -14.1 B 8
acepentalene dication [f,g] ne 5 -6.7 0.8 B 8
5+0.5 -5.1 3.4 B 8
5-0.5 -7.8 -8.3 B 8
heptalene [f] G, 7 10.2 22.7 B 3
cyclooctatetraene, planar 4P 8 195 30.1 B 3
benzocyclobutadiene 5 6 -5.4 -2.5 B 3 (6)
4 -1.3 22.5 B 3
biphenylene D, 6 -6.8 -5.1 B 3(7)
4 -1.6 19.0 B
acenaphthylene 55 6 -8.5 -8.6 B 3(8)
5 -3.1 2.9 B 3
pyracyclene D, 6 14.4 -0.1 B 3(9)
5 28.4 12.8 B 3
cyclohexane R, 6 -6.3 -2.2 B 3
adamantane a4 center -4.8 -1.1 B 3(10)
1,3-dehydro-5,7- T center -39.0 -50.1 A 3(11)
-adamantanediyl dication
1,4-furanofuran G 5 -15.0 -11.9 D 5 (1a)
1,6-furanofuran (% 5 -15.2 -11.0 D 5 (1b)
1,5-furanofuran c 5 -11.9 -6.7 D 5 (1c)
5 -16.3 -14.9 D 5
2,5-furanofuran D, 5 -16.7 -15.6 D 5 (1d)
1-benzofuran c 5 -12.6 -9.8 D 5 (3a)
6 -11.6 -11.6 D 5
2-benzofuran G 5 -16.3 -15.6 D 5 (3b)
6 -6.0 -4.2 D 5
TS hydrogen exchange in,H (DI 6 -30.8 -24.0 H 11 (7)
TS Diels-Alder butadiene C [i] -31.1 -23.5 D 11 (8)
[i] -23.4 -27.2 D 11
[i] -17.2 -21.4 D 11
TS Diels-Alder cyclopentadiene C [i] -25.8 -22.4 D 11 (9)
[i] -22.9 -29.7 D 11
[i] -16.3 -23.0 D 11
TS 1,5-H-shift cyclopentadiene C [il -19.6 -14.8 D 11 (10)
TS 1,5-H-shift 1,3-pentadiene Cs [il -17.6 -16.6 D 11 (12)
TS Cope rearrangement, chair nC [K] -21.2 -25.4 D 11 (12)
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Table 1 (continued) Comparison of NICS values (ppm) from MNDO afdinitio calculations

Molecule PG Ring MNDO ab initio reference data
[a] [b] [c] value level[d] ref[e]

TS Cope rearrangement, boat »C [K] -18.6 -22.7 D 11 (13)
TS Claisen rearrangement, chair , C n -13.4 -21.2 E 11 (14)
TS Claisen rearrangement, boat , C [1] -12.5 -18.5 E 11 (15)
TS hexatriene ring closure C [ -13.8 -25.4 E 11 (16)
TS 1,7-H-shift 1,3,5-heptatriene ,C [ -10.4 -14.0 E 11 (17)
TS octatetraene ring closure ,C [il -9.4 -13.2 E 11 (18)
TS cyclobutene ring opening ,C [il -24.5 -12.3 E 11 (19)
TS trimerization of acetylene o) [h,m] -4.0 -24.1 H 11 (2)
triquinacene G [h] -3.1 -2.3 G 11 (4)
diademane o [h] -6.5 -10.9 G 11 (6)
TS triquinacene-diademane Ne [h] -17.8 -26.8 G 11 (5)
Cy, fullerene [n] I center -5.5 -11.2 F 12

5 3.2 7.0 F 12

6 -3.1 -6.6 F 12
C,, fullerene [n] Q, center -9.7 -28.5 F 12
Cg, isomer 23 [n] D, center -5.2 -11.9 F 12
Cqo hexaanion [n] d center -26.6 -64.4 F 12

5 -11.6 -28.8 F 12

6 -7.8 -29.4 F 12
[a] Point group. the sake of comparison, the NICS values are computed for

[b] By default, the NICS value is computed at the geomettie same point group as in thab initio reference calcula-

cal center of the ring indicated (i.e. the average of the Cart#sns.

sian coordinates of the ring atoms). “+0.5” denotes a poiriig] Acepentalene contains one symmetrical (s) and two asym-
which is 0.5A above the center (likewise for other decimmktrical (a) pentagons. For this bowl-shaped molecules and
numbes). “outer” and “inner” are used to distinguish be- its ions, NICS values are given for the ring centers and for
tween different rings in condensed hydrocarbons. In mqeints above these centers inside (-0.5) and outside (+0.5) of
complicated cases, the NICS point is specified explicitly irttee bowl.

footnote. []INICS at the geometric center of the six active carbon at-
[c] MNDO-NMR parameterization B, see r¢81]. Three- oms (ref.[11]).

center terms are included. Unless noted otherwise, the fieFor each Diels-Alder reaction, the three NICS entries
ometries have been optimized by standard MNDO calcutarespond to the geometrical center of four carbon atoms

tions, within the given point group. (see ref.[11]), i.e. for the butadiene moiety, for ethylene plus
[d] Ab initio levelsA-J are defined in the usual notationthe two closest carbon atoms of the diene, and for ethylene
A=GIAO-RHF/6-31+G*//MP2/6-31G*, plus the two distant carbon atoms of the diene.
B=GIAO-RHF/6-31+G*//B3LYP/6-31G*, [i NICS at the geometrical center of all carbon atoms.
C=GIAO-RHF/6-31G*//B3LYP/6-31G*, [KINICS at the geometrical center of the six carbon atoms.
D=GIAO-RHF/6-31+G*//B3LYP/6-311+G**, The lengths of the breaking/forming CC bonds were fixed at
E=GIAO-RHF/6-31G*//B3LYP/6-311+G**, the B3LYP values (ref.[11]).
F=GIAO-RHF/DZP//BP86/3-21G, [l] NICS at the geometrical center of the six heavy atoms.
G=GIAO-RHF/6-31G*//MP2/6-31G*, The length of the breaking/forming CC bond was fixed at the
H=SOS-DFPT-PW91/Il//RHF/6-31G*, B3LYP value (ref.[11]).
I=SOS-DFPT-PW91/11//B3LYP/6-311+G**, [m] CC distances in MNDO optimization constrained to
J=CSGT-B3LYP/6-31G*//B3LYP/6-31G*. B3LYP values (ref.[11]).

[e] Numbers in parentheses refer to the label of the molec{i¢The NICS values at the center of fullerene cages are very
used in the cited literature. close to the corresponding endohedide shifts which have

[f] Saddle point in MNDO which relaxes to a less symmetiieen measured: £-6.3, G, -28.8, G, -9.0, G, hexaanion
cal structure upon removing the point-group constraint. Fed8.7 (refs.[37-39]).
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considered [10] are antiaromatic, particularly thgi€omer fails for cyclobutadiene, predicting a NICS value around O.
(NICS: MNDO#/b initio +42/+42 ppm). In the case of theCloser analysis shows that this is partly due to the influence
ten-membered rings, all four molecules studied are foundofatheo-electrons in the ring: the MNDO NICS values in the
be aromatic at the MNDO anab initio level, with NICS C, axis perpendicular to the ring are above +6 ppm for dis-
values in the range between -11 and -17 ppm: this appliestaotes of 0.5-1.0 A, with a maximum of +8 ppm around 0.8
only to the planar all-cis-[10]Jannulene and 1,6A. Since the effects of the-electrons must fall off faster
didehydro[10]annulene molecules with the usmaionjuga- than those of ther-electrons, these data indicate that the in-
tion, but also to dodecahedrapentaene and all-tramdnsic NICS contributions fronthe T-electrons are positive
[10]trannulene, which show an unusual in-plane conjugatiatso in MNDO, as expected. We conclude that the MNDO
involving p-orbitals pointing inside the ring [9]. The nexNICS values in the center of four-membered rings are not
member of the proposed [n]trannulene family [9], i.aiseful, while those above the ring may reflect the aromaticity
[12]trannulene, is antiaromatic according to the NICS valuesantiaromaticity of thersystem to some extent.
(strongly at theb initiolevel, +36 ppm, and less pronounced Pentalene with 8telectrons is antiaromatic both at the
in MNDO, +7 ppm). MNDO and ab initio level, but MNDO underestimates its
The next five entries in Table 1 refer to polycyclic hydrdNICS value significantly (+5 vs +18 ppm). Both approaches
carbons. The MNDO andb initio results for naphthalene,agree that the pentalene dianion withriélectrons and the
phenanthrene, triphenylene, anthracene, and azulene agestalene dication with @r-electrons are aromatic. Similar
very well with each other. In particular, MNDO reproducea®sults are found for the nonplanar bowl-shaped acepentalene:
the relative magnitudes of the NICS values in different ringjse neutral molecule is antiaromatic, the dianion is highly
quite nicely (inner vs outer and five- vs seven-memberatbmatic, and the dication shows a reduced aromaticity.
rings). MNDO reproduces thab initio predictions that the sym-
Cyclobutadiene is the prototypical antiaromatic moleculeetric pentagon in acepentalene has a much higher NICS
as evidenced by ab initio NICS value of +28 ppm. MNDO value than the two unsymmetrical pentagons, and that the

60 T — T T T T
ideal ------- 3 3 |
4-memberedrings < | |
a0 L 5-memberedrings & R O
6-memberedrings v : e
3Dcages O @ 7
20 above/belowring  + el -
% itransmon Structures >< \4 ” @t—@ ;
) &
© 0 |
P ?
g ?
5 -20 j
o ?
< |
= |
-40 |
-60 _ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
-80 ] ] ] ] | ]
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Figure 1 Correlation between MNDO anab initio NICS values
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Table 2 Statistical evaluation [a] of the MNDO NICS values (ppm)

N [b] mean error mean abs. error rms error
all 116 -0.9 6.1 9.0
4-membered rings [c] 3 -24.0 24.0 24.2
5-membered rings [c] 30 -4.2 6.4 8.0
6-membered rings [c] 26 1.4 2.8 5.4
7-membered or larger rings [c] 15 -1.6 5.7 9.2
above/below rings [d] 17 -2.9 3.9 5.2
center of cages [e,f] 6 12.7 14.0 18.2
transition states [g] 19 2.9 6.7 7.9
aromatic [h] 78 2.1 4.7 7.6
antiaromatic [h] 22 -10.4 11.9 14.1
non-aromatic [h] 16 -2.4 4.6 5.9

[a] Based on the entries in Table db initio reference data [f] For the set of 13 ¢, isomers studied at the RHF/DZ//

[b] Number of comparisons MNDO level [36] the mean absolute error of MNDO is 7.2
[c] NICS values in ring centers, excluding transition statggpm relative to theb initio endohedral shifts

from ref.[11] [g] Transition states from ref.[11]

[d]NICS values above/below ring centers [h]See tet. A system is considered to be aromatic or

[e] Adamantane and fullerene systems; when replacing taetiaromatic if theab initioreference NICS value is less than
ab initio reference data for the fullerenes by the experimei® ppm or greater than +5 ppm, respectively; otherwise, it is
tal ®He shifts (see text) the errors drop to 8.9, 10.1, and 128&n-aromatic

ppm, respectively

aromatic or antiaromatic ring current effects are higher iINICS values are highly negative and thus indicate diatropic
side the bowl than outside [8]. ring currents in these transition states, with cyclic electron
Heptalene and planar cyclooctatetraene, edtih8 = delocalizdion [11]. The tansition structures from standard
electrons, are antiaromatic, as expected. MNDO again MNDO calculations are known to be deficient for some of
derestimées theab initio NICS values (by 10-13 ppm). Inthese pericyclic reactions. For example, MNDO predicts an
benzocyclobutadiene and biphenylene, the MNDO NICS valksymmetrical transition structure for the parent Diels-Al-
ues are reasonable for the six-membered rings, and uselesgeaction, whereas an MNDO optimization withs¢m-
for the four-membered rings (see above). In acenaphtylenetry yields a second-order saddle point whose geometry is
and pyracyclene, MNDO gives the correct sequence of NI@&ually quite close to that of the first-order saddle point found
values for the five- and six-membered rings, but overempliraab initio or density functional work. We have used thjs C
sizes the antiaromatic character of pyracyclene. structure in our comparisons to avoid geometry-related arti-
Cyclohexane and adamantane should have NICS valfeets. Likewise, the lengths of the breaking/forming bonds in
close to zero since they are nonaromatic. This expectatiothss Cope and Claisen rearrangements and in the acetylene
better fulfilled atthe ab initio level (-2/-1 ppm) than at thetrimerization are unrealistic in standard MNDO calculations,
MNDO level (-6/-5 ppm). In MNDO, there are apparentlgnd we have therefore employed partially constrained ge-
some residual local shieldings fraive o-electrons even in ometries in these cases (see footnotes of Table 1 for details).
six-membered rings. On the other hand, the considerabléWith these caveats in mind, we note that the transition
aromaticity of the 1,3-dehydro-5,7-adamantanediyl dicatistates (TS) for the representative set of pericyclic reactions
is confirmed by the MNDO NICS value of -39 ppab(initio studied previously [11] are found to be aromatic also at the
-50 ppm). MNDO level, in agreement with thab initio results. Most of
The next six entries in Table 1 concern fused heterobitlye MNDO andab initio NICS values are less than -10 ppm.
cles, which were originally studied to analyze conflictinGonsidering individual cases, MNDO overestimates the
conclusions from different aromaticity criteria [5]. In theromaticity of the hydrogen exchange TS in K the case
present context, we only note that the MNDO atdinitio of the Diels-Alder reaction between ethylene and butadiene
results for these compounds agree quite well. For @&-cyclopentadiene and the sigmatropic 1,5-hydrogen shifts
benzofuran, in particular, both approaches agree that the percyclopentadiene or 1,3-pentadiene, the MNDO NICS val-
tagon is significantly more aromatic than the hexagon. ues for the TS are of reasonable magnitude. This is also true
It has long been recognized that the transition statesfaf the Cope rearrangement where the difference between
thermally allowed pericyclic reactions are aromatic. The NIQBCS values for the chair and boat TS is reproduced (3 ppm).
criterion has confirmed this notion: the correspondin@itio In the case of the Claisen rearrangement, the electrocyclic
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ring closure of hexatriene, the sigmatropic 1,7-hydrogen skafisolute deviation between the MNDO aatd initio NICS
in 1,3,5-heptatriene, and the electrocyclic ring closure adlues for the entire validation set of 116 points amounts to 6
octatetraene, the MNDO NICS values are generally sonppm. Systematic errors occur for four-membered rings (mean
what less negative (less aromatic) than tlairinitio coun- error of -24 ppm) and, to a much smaller extent, also for five-
terparts. For the electrocyclic ring opening of cyclobuten@membered rings (mean error of -4 ppm), which is probably
MNDO predicts a too negative NICS value, consistent witlue to an overestimate of the local shielding caused hy-the
the problems generally encountered with four-membered rirgdsctrons in the ring. Such effects are less important in six-
(see abog). The TS forthe acetylene trimerization is notmembered and larger rings (small mean errors). The system-
described well by MNDO. On the other hand, both the MND@&ic deviations for the cage compounds arise mainly from the
and ab initio NICS values characterizbe TS for the fact that MNDO underestimates the endohedral shifts of the
triquinacene-diademane rearrangement as being highly dutlerenes (see above); in this case, the statistical data in Ta-
matic. In an overall judgement, the aromaticity of thiele 2 are not representative because they refer to a small set
pericyclic transition states is generally reproduced well lo§ fullerenes including those with the highest shifts. There
the MNDO NICS values, despite some discrepancies wéte no obvious systematic errors of MNDO for aromatic tran-
individual ab initio reference data [11]. sition states or for aromatic systems in general (see Table 2).
In fullerenes, NICS may be evaluated at the center of tBa the other hand, the NICS values of antiaromatic systems
individual pentagons and hexagons, or at the center of thad to be underestimated by MNDO (mean error of -10 ppm).
whole cage. The latter NICS values are usually termE@jjure 1 gives a visual impression of the correlation between
endohedral chemical shifts. According to a simple classithé MNDO andab initio NICS values from Table 1. The cor-
model [12] the endohedral shifts can to a large extent beratation coefficient is 0.8671.
tributed to the ring currents in the individual pentagons and
hexagons, as assessed by their NICS values. EpiitGs
generally accepted that there is a balance between paratregh%lu sions
(antiaromatic) currents in the pentagons and diatropic (aro-
matic) currents in the hexagons [35]. This is consistent with ]
the positive and negative NICS values, respectively, that dft¢ GIAO-MNDO approach has been validated for NICS. In
found for the pentagons and hexagons gf ldth at the general, thab initio reference data for a wide range of com-
MNDO andab initio level; the MNDO values are about halPounds are reproduced reasonably well, even though there
the ab initio values, which translates [12] into a correspon@!® Some problem cases such as four-membergsl The
ingly smaller endohedral shift (MND@# initio -5/-11 ppm). aromaticity and antiaromaticity of a system with cyclic elec-
In the G, hexaanion, by contrast, both the pentagons aikgn delocalization is normally reflected in the comppted
hexagons show strong diatropic (aromatic) currents, whi¥fNDO NICS \alues. Tis holds not only for planar conju-
combine to yield a much larger endohedral shift (MN&w/ 9ated Hiickel-type hydrocarbons, but also for more unusual
initio -27/-64 ppm). Hence, both approaches confirm that thstems including Mdbius-type rings, [n]trannulenes, three-
C,, hexaanion is much more aromatic thay i&elf. dl.men5|onal cage compounds, and perlcypllc transition states.
It has been demonstrated computationally [36] that tRéce many of the NICS trends at i initio level are also
endohedral chemical shifts are very close to the measurdBind at the semiempirical level, the GIAO-MNDO approach
3He NMR chemical shifts in the endohedral compounéRay be a useful tool for assessing aromaticity in large mol-
He@G, These are experimentally available for a large numiRgules.
of fullerenes, e.g., -6.3 ppm for,{J37], -28.8 ppm for ¢, L .
[37], -9.0 ppm as dominant peak fog,§38], and -48.7 ppm AcknowledgementsThe |n|tlal phas_e of this work was sup-
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[41]: for example, the normally reliable B3LYP hybrid func-
tional gives an endohedral shift of +1.0 ppm (wrong sign) for
Cq, [41]. These difficulties are related to the subtle balang@ferences
between paratropic and diatropic ring currents jg Gee
above). In view of these problems, the MNDO endohedrgl Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y.
shift of -5 ppm for G, is acceptable. For the other three Aromaticity and Antiaromaticityviley: New York, 1994
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