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Abstract: Through-space isotropic NMR shielding values of a perpendicular diatomic
hydrogen probe moved in a 0.5 A grid 2.5 A above several polycyclic aromatic/antiaromatic
ring and aromatic/aromatic hydrocarbons were computed @atlssian 03 at the GIAO
HF/6-31G(d,p) level. Combinations of benzene fused with cyclobutadiene, with the
tropylium ion, and with the cyclopentadienyl anion were investigated. Subtraction of the
isolated H isotropic value gave shielding incremenfss), which, when plotted against
Cartesian coordinates of the probe over each hydrocarbon, gave representations of three-
dimensional isotropic shielding increment surfaces. The results are related to the degree of
bond length alternation, the extentmotlectron delocalization, and (for the ions) the NPA
charge distribution. The shielding increment data are compared to NICS(1) values computed
at the same level; both indicate the degree of aromaticity or antiaromaticity of the
component rings.
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1. Introduction

The concept of aromaticity encompasses structural, energetic, and magnetic properties of molecule:

[1]. HUckel [2] noted that molecules having 4n + 2 delocalzetectrons in the periphery of a planar

cyclic system possessed the special properties associated with aromaticity. Properties of aromatic
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molecules typically include similar (non-alternating) bond lengths that are intermediate in length
between single and double bonds, extra stability compared to isomers with less electron delocalization
and the ability to maintain a diatropic ring current in a magnetic field. The diatropic ring current results
in magnetic shielding above and below the plane of the ring. Perhaps the most cited indirect
assessment of the ring current effect is the nucleus-independent chemical shift (NICS), developed by
Schleyer in 1996 [3]. Aromatic rings give negative NICS values. In contrast, antiaromatic molecules
have 4nm electrons in a planar conjugated system, but they do not exhibit effects of delocalization of
those 1t electrons. Their ring structures have alternating single and double bonds with distinctly
different bond lengths, and antiaromatic compounds have less thermodynamic stability than their non-
antiaromatic isomers. They display magnetic deshielding above and below the molecular plane causet
by a paratropic ring current. Antiaromatic rings have positive NICS values. Several variations on the
original isotropic NICS measurement, such as dissected NICS, NICS computed 1A above the ring
center, and NICfz have resulted in improved methods of assessing ring current and therefore
aromaticity and antiaromaticity [4-6]. Another NICS method employs the component of the shielding
tensor that is perpendicular to the plane of the conjugated system [7]; this has the advantage o
minimizing sigma bond contributions and therefore better characterizing éhectron ring current
effects.

It is well known that polycyclic aromatic hydrocarbons have substantial through-space NMR
shielding effects above the molecular plane [5, 8, 9]. In addition, the magnetic consequences of some
fused aromatic-antiaromatic ring systems have been explored employing NICS [10, 11] or a grid of
NICS represented visually as isochemical shielding surfaces (ICSS) [12]. Stanger has demonstrated th
utility of plotting NICS values scanned vertically over ring midpoints to better differentiate between
antiaromatic and aromatic systems [13]. In this paper we present results of through-space isotropic
magnetic shielding calculations of a molecular probe over multi-ring fused systems containing various
numbers of benzene (aromatic) rings fused with various numbers of cyclobutadiene (antiaromatic)
rings. Eight of these structures are shown in Figure 1 along with benzene and cyclobutadiene. We alsc
have examined magnetic shielding over structures having one or more benzene rings fused with ar
ionic aromatic ring: either cyclopentadienyl anion or cycloheptatrienyl (tropylium) cation. The five
structures of this category in this study are shown in Figure 2 along with.cyclopentadienyl anion and
cycloheptatrienyl (tropylium) cation.

A molecular probe of shielding effects has been useful for distinguishing between aromatic and
antiaromatic systems [14], and good correlations have been obtained between shielding effects on :
molecular probe and other measures of aromaticity in heterocyclic systems [15, 16]. Furthermore, use
of a molecular probe allows prediction of chemical shift effects on protons as a function of their
position over the ring in question. For these reasons, we have employed a molecular probe to measur
the extent of aromaticity (or antiaromaticity) of the structures in this study.

The structures in Figure 1 other than benzene and cyclobutadiene have one or more four-membere
rings fused to one or more benzene rings, and thus may be subject to the long-debated Mills-Nixon
effect [17]. This postulate states that annelation of small rings onto benzene induces significant
alternation of bond lengths of the six-membered ring because of strain associated with bond angle
deformation. This concept, which was proposed when benzene was thought by many to be an
equilibrating mixture of valence tautomers, has generally been dismissed on the basis of more recen
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experimental and computational work, however [18-20]. Fowtled. have computed ring current
densities of benzene fused with several small-ring hydrocarbons, and have shown that fusion of
benzene with one or more cyclobutadiene rings disrupts the benzene ring current, but no disruption in
the benzene ring current is observed when only saturated small rings are fused [21]. In his latest of ¢
series of seminal contributions to our understanding of both aromaticity and symmetry, Schleyer, in
association with Corminboeuf, reported results of a new method to assess the effects of electron
delocalization on magnetic shielding effects in conjugated hydrocarbons using block-localized
wavefunctions [22]. Using that technique, it was confirmed for benzen& tattron delocalization,

rather than bond length similarity or dissimilarity (as in the hypothetical 1,3,5-cyclohexatriene), is the
major contributor to the characteristic downfield NMR chemical shift of aryl protons.

Figure 1. Structures of the fused aromatic-antiaromatic hydrocarbons in the study plus
benzene and cyclobutadiene. Computed bond lengths (in A) are included.
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Through-space magnetic shielding effects were also computed over structures having one or more
benzene rings fused with an ionic aromatic ring, either cyclopentadienyl anion or cycloheptatrienyl
(tropylium) cation and the parent ionic aromatic hydrocarbons themselves. The five structures of this
category in this study along with their parent ionic aromatic hydrocarbons are shown in Figure 2.

Figure 2. Structures of the fused benzene-ionic aromatic hydrocarbons and their parent
ionic aromatic hydrocarbons in the study{17). Computed natural population analysis
charges (in e) of the carbon atoms are indicated.
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2. Results and Discussion
2.1. Benzene fused to cyclobutadiene

Structurel (Figure 1) has a benzene ring fused to cyclobutadiene. Its 2.5 A isotropic shielding
increment surface (in ppm; see Computational Section), shown in Figure 3a, consists of a mound of
moderate shielding (0.71 ppm) over the benzene ring with substantial deshielding (-1.72 ppm) over the
mtbond of the cyclobutadiene ring. For reference, previous calculations have shown that bdvazene
a maximum shielding increment value of 2.96 ppm at 2.5 A; cyclobutadiehas a shielding
minimum (maximum deshielding) at 2.5 A of -2.83 ppm [14]. These appear as Figure 4a and 4b,
respectively. Elgueret al. reported a similar value (2.61 ppm) for benzene using methane as a probe
[23]. Bond length calculations show moderate bond length alternation (1.34 A to 1M4=40.10 A;

Ad here only refers to the difference between the longest and shortest bond) in the benzene ring o
benzocyclobutadiend as indicated by the placement of the double bonds in the structure. For

reference purposes, the bond lengths of the carbon-carbon bonds of benzene computed with the san
level of theory and basis set are 1.39 A. The four-membered ring displays substantial bond length
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alternation (1.33 A for the external bond; 1.52 A for the bonds to the benzenAdirg).19 A). For
reference, the computed bond lengths of cyclobutadiene are 1.32 A and 1n86=/0(24 A). Thus,

the four-membered ring ih has a highly localizett bond, as expected. The ring current density map
concurs [21]; the benzene ring has a diminished diatropic ring current and the cyclobutadiene ring has
a strong paratropic current. No crystallographic data are available.

Figure 3. Isotropic shielding increment surfaces of {aand(b) 4.

() (b)

Structure4 has two cyclobutadiene units fused to opposite faces of benzene. The isotropic shielding
increment surface is shown in Figure 3b. Addition of the second cyclobutadiene moeity results in
significantly diminished shielding over the benzene riag € -0.08 ppm), and enhanced deshielding
(-2.11.ppm) over the midpoints of each of the cyclobutadiene portions relative to stiucBoed
length calculations at the optimized geometry show considerable bond length equalization among the
benzene ring bonds (range = 1.38 A to 1.39 A). In contrast, the four-membered ring bonds have
substantial bond length alternation (1.33 A to 1.54A8;= 0.21 A), as expected. This suggests a
localized 1t bond for the four-membered ring consistent with the observed deshielding effect, but
delocalizedr electrons in the central (six-membered) ring, despite the observed deshielding effect over
that ring, which is considerably enhanced by the proximity of two strongly deshielding carbon-carbon
double bonds. Current density maps of this structure reveal the same effect, dominance of the
paratropic ring current of the butadiene ring [21]. No crystallographic data are available for 4.

Structures (Figure 5a) has two cyclobutadiene rings fused to a benzene ring along alternating faces
of benzene. Only deshielding is observed over stru&utieere is no shielding. Regions of moderate
deshielding (-0.6 to -0.8 ppm) are seen near the external localized double bonds of the cyclobutadiene
rings as well as near the ring bonds of the central six-membered ring that alternate with those fused tc
cyclobutadienes. The other ring bonds of the six-membered ring have somewhat less deshielding (-0.4
ppm), and the midpoint of that ring has the least deshielding (-0.29 ppm). These results suggest
substantial localization aft electron density in the bonds that alternate with the ring fusion locations,
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as indicated by placement of the double bonds in the resonance f8rsh@ivn in Figures 1 and 5(a).
This is consistent with bond length calculations for the six-memberediihgQ.15 A).

Figure 4. Isotropic shielding increment surfaces of k@nzene 2 and (lyclobutadiene 3.

(@) (b)

Current density maps concur [21] with complete bond localization. Bond length alternation
diminishes the aromaticity of the central ring, but it also prevents the two four-membered rings from
being antiaromatic. Bond length calculations confirm this. The three six-membered ring bonds that
alternate with the ring fusion fusion bonds have lengths of 1.30 to 1.33 A; the ring fusion bonds are
1.47 A; the other bond is 1.48 Ad = 0.18 A). The four membered ring bonds have computed bond
lengths of 1.34 A and 1.50 Ad = 0.16 A). No crystallographic data are available for 5.

Figure 5. Isotropic shielding increment surfaces of §aand(b) 6.
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The isotropic shielding increment surface of structur@igure 5b) has similar features and for
similar reasons. Moderate deshielding (-0.47 ppm) is observed in the vicinity of the ertborals
of the four-membered rings as well as overmi®onds of the benzene ring that alternate with the ring
fusion sites. Slight deshielding is seen over the center of the six-membered ring (-0.05 ppm) as well as
over the center of the four membered rings (-0.01 ppm). Bond length calculations substantiate
complete localization oft bonding. The bonds that are fused with four-membered rings have lengths
of 1.50 A, whereas the alternating bonds in the six-membered ring have lengths of AB2 A.(8
A). The latter bond is even shorter than the external double bond in the four-membered ring (1.35 A).
Again, distortion of the symmetry ard bond localization both occur in the benzene ring. It is
apparently energetically more favorable to prevent the antiaromaticity of three cyclobutadiene rings
than to allow the aromaticity of one benzene ring. No crystallographic data are availahl&iiog
current density maps also suggest the presence of highly localbmatis throughout [21].

Biphenylene7 has an isotropic shielding increment surface that combines the features expected for
two aromatic rings with those of a central antiaromatic ring (Figure 6a). Substantial shielding (1.55
ppm) is observed over the middle of each benzene ring, and moderate deshielding (-0.41 ppm) is
observed over the middle of the four-membered ring. Bond lengths are nearly normal for delocalized
bonds of the benzene rings; the range of bond lengths in the benzene rings is moderate: 1.36 A to 1.4
A (Ad = 0.06 A), consistent with the decreased shielding effect relative to benzene. The bond length in
the central four-membered ring is 1.51 A between the benzene rings and are 1.41 A for the bonds
shared with the benzene rings. Thus the shielding effects are dominated by the moderate degree c
aromaticity of the two benzene rings, with little effect of the deshielding four-membered ring, as
reported by Kleinpeter using a somewhat different method [12]. X-ray data generally agree with the
computed bond lengths: 1.37 to 1.43 A rangd € 0.06 A) for the six-membered ring; 1.51 A
between the benzene rings and 1.43 A for the bonds shared with the benzene rings [24, 25]. Thus, witl
a four-membered ring between benzene rings, the latter retain much of their aromaticity.

Figure 6. Isotropic shielding increment surfaces of faand(b) 8.
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Structure8 has three benzene rings and two four-membered rings arranged symmetrically and
linearly. The isotropic shielding surface ®fis shown in Figure 6b. The outer benzene rings show
substantial shielding (1.30 ppm) over their center, but the central benzene ring shows only moderate
shielding (0.69 ppm). The four-membered rings display moderate deshielding effects (-0.73 ppm).
Bond length alternation is moderate in the outer benzene rings (1.35 A to 1M3=20.08 A) and
matches the double bond locations shown in the structure but is minimal in the central benzene ring
(1.38 A to 1.40 AAd = 0.02A) The four-membered rings have bond lengths of 1.42 A and 1.40 A
(shared with the outer and inner benzo rings, respectively) and 1.8H A 0.11A) between the
benzene rings. In general, the shielding (and deshielding) effe8tseem to be additive, yet it is
curious that the central benzene ring, which has very little bond length alternation, causes so little
shielding. It is likely that its shielding effect is doubly diminished by the adjacency of two four-
membered rings, each causing deshielding that extends past the four-membered ring. X-ray analysis G
a tetrasilylated derivative also revealed moderate bond length alternation in the outer six-membered
rings (1.36 A to 1.44 AAd = 0.08 A) with considerable bond length similarity in the central benzene
ring (1.39 A to 1.41 A) [26].

Structure9 has the same number of four- and six-membered rings8adut they are arranged in a
V-shape. The isotropic shielding surface9oik reminiscent of what was observed $orto which it
bears some resemblance. The outer benzene ringdisplay substantial shielding (2.01 ppm), as
expected (Figure 7a). There is slight deshielding (-0.13 ppm) over the midpoint of the four-membered
rings. The most interesting aspect of the isotropic shielding increment surface is the appearance o
moderate deshielding (-0.45 ppm) over the bond in the central six-membered ring that connects the
four-membered rings and only slight shielding (0.28 ppm) over the center of that six-membered ring.
This can be explained by substantidbond localization in the central ring, as verified by bond length
calculations. The computed bond lengths in the middle six-membered ring vary from 1.33 A to 1.45 A

Figure 7. Isotropic shielding increment surfaces of (a) 9 and (b) 10.
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(Ad = 0.12 A), and alternate in length according to the locations of double bonds shown in the
structure. In contrast, the computed bond lengths in the terminal benzene rings vary only slightly, from
1.36 A to 1.41 AQd = 0.05 A). Thus the outer benzene rings are aromatic in nature, but the central six
membered ring is not aromatic. Kleinpeter drew a similar conclusion [12, 27]. Interestingly, the four-
membered rings have relatively little computed bond length alternaiibr= (0.09 A) compared to
cyclobutadiene/d = 0.24 A), with the bond forming the ring juncture to the middle ring (1.45 A)
being midway in length between a single bond and a double bond, the bond between the six-membere:
rings (1.50 A) being more single bond-like in length and the ring juncture to the outer benzene ring
having a bond length (1.41 A) like that of a delocalized benzene ring. Therefore, the four-membered
rings in this structure do not haverdelectrons needed for antiaromaticity; they behave more like
cyclobutane rings, explaining their lack of (de)shielding effect. X-ray data corroborate the calculated
bond lengths. The middle six-membered ring has considerable bond length variation: 1.33 A to 1.45 A
(Ad = 0.12 A); the outer benzene rings show much less bond length alternation: 1.36 A toAd4 A (
0.05 A). X-ray data shows 1.50 A for the bond connecting the six-membered rings, and 1.45 A and
1.44 A for the four-membered ring bonds common to the inner and outer six-membered ring,
respectively [28], generally consistent with computed bond lengths.

The addition of a fourth benzene ring and a third four-membered ring to the previous structure gives
structurel0. The isotropic shielding surface is shown in Figure 7b. The external benzene rings show
substantial shielding (2.39 ppm) over their midpoints, but the central six-membered ring gives rise to
slight deshielding (-0.27 ppm) at its midpoint and moderate deshielding (-0.64 ppm) over the bonds
connecting the four-membered rings. Kleinpeter reported similar results [12, 27], and Fowler’s ring
current density calculations [21, 29] concur with the lack of aromaticity of the central six-membered
ring. This structure causes very slight shielding (0.18 ppm) over the midpoint of the four- membered
rings which increases to moderate deshielding near the fusion with the central six-membered ring,
reflecting the (de)shielding effects of the non-aromatic six-membered ring to which they are fused.
Bond length calculations substantiate the idea that the outer benzene rings are highly aromatic (bonc
lengths range from 1.37 A to 1.41 Ad = 0.04 A), but that the central six-membered ring ring is not
aromatic (bond lengths alternate substantially, ranging from 1.33 A to 148 A,0.15 A. The four-
membered rings have little bond length variation: 1.48 A to 1.49 A except for the bond shared with the
external benzene rings, which is shorter (1.41 A) because it is part of an aromatic system. X-ray
analysis of a trimethylsilyl derivative [30] shows relatively small bond length alternation in the outer
benzene rings (1.36 A to 1.41 A, except for the bond between the trimethylsilyl-substituted carbons,
which is 1.44 A, elongated to accommodate the bulky trimethylsilyl groups). In contrast, the central
six-membered ring shows substantial bond length alternation (1.33 A to 1.5020A7 A).

Computed shielding increments indicate that structlyds 5 and6 have very little aromaticity in
their six-membered rings, whereas struct@r@0 have six-membered rings that are much more
aromatic. The major difference between these two groups of structures is that in stiyctuseand
6, the four membered rings have at least one double bond whereas the four-membered-ifgaen
more cyclobutane-like. Computed ring current densities of benzene fused with several small-ring
hydrocarbons show that fusion of benzene with one or more cyclobutadiene rings disrupts the benzent
ring current, but no disruption in the benzene ring current is observed when only saturated small rings
are fused [21]. The two methods concur. Furthermore, the antiaromaticity of cyclobutene rings fused to
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alternate faces of benzene diminishes as the number of such rings increasé&safas$6in Fusion of
cyclobutene to opposite faces of benzene (ab,ion the other hand, increases their antiaromaticity
compared to benzocyclobutadiene 1.
ComputedAo values 2.5 A above the ring midpoints and NICS(1) values for structk@sare
collected in Table 1. These two measures of aromaticity correlate well (r = 0.98, Figure 8) for the six-
membered rings in structurdsl0, and reasonably well (r =0.92) for the four-membered rings. The
latter correlation improves (r =0.99; not shown) if only the external four-membered rings (those in
structuresl, 4, 5 and 6) are correlated. These high levels of correlation are not unexpected, as both
techniques measure isotropic shielding using the same GIAO method. The differencAdgsvhlaes
employ a molecular probe, whereas NICS(1) measurements use a point in space (Bg; a ghost atom
Use of a molecular probe.€., a probe having a polarizable bond) has been shown to provide more
accurate chemical shift predictions than ghost atoms [31].

Table 1. Shielding increments 2.5 A over ring midpoifasd NICS(1) values) as labeled

in Figure 1.
Ao and (NICS(1)) in ppm above center of ring:
Structure A B C
1 0.71 (-5.52) -1.56(10.70) --
2 2.96 (-12.90) - -
3 - -2.83(17.42) --
4 -0.08(-4.43) -2.11(13.46) --
5 -0.29(-0.91) -0.54(1.01) --
6 -0.05(-1.92) -0.01(-2.85) --
7 1.55 (-8.13) -0.41(7.50) --
8 1.30 (-7.33) -0.73(7.86) 0.69 (-5.63)
9 2.01 (-9.82) -0.13(3.74) 0.28 (-3.17)
10 2.39 (-10.99) 0.18 (0.72) -0.27(-0.79)
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Figure 8. Graph of Aoversus NICS(1) over the midpoints of each ring size in structures
1-10. Blue triangles represent six-membered rings; red squares are four-membered rings.

2.2. Benzene fused to cyclopentadienyl anion

The indenyl anionll provides an unexpected isotropic shielding increment surface. Anions
generally cause deshielding of a molecular probe because of the electrostatic repulsion and resultin
bond polarization of the proximal hydrogen of the probe molecule [14]. However, Figure 9a shows a
peanut-shaped mound of shielding over the center of the structure, with a maximum shielding value of
2.48 ppm and substantial shielding over the centers of both the benzene ring (2.36 ppm) and the five:
membered ring (2.32 ppm). As a point of reference, the repaedlue over cyclopentadienyl anion
12 is 1.17 ppm [14], Figure 10a. This suggests a high degree of chargeedextron delocalization
resulting in substantial aromaticity and greater shielding effect for the indenyl anion. The computed
bond lengths range from 1.37 A to 1.44 Ad = 0.07 A, corroborating this suggestion. Natural
population analysis (npa) charge [32] calculations (Figure 2) on the carbon atoms vary from -0.23 e to
-0.41 e, except for the for the ring juncture carbon atoms which have a computed npa charge of -0.10 e
The mean charge per C-H group (excluding the charges on ring juncture carbon atoms) is -0.07 e fot
the benzene ring and -0.17 e for the cyclopentadienyl ring. Small regions of deshielding (-0.75 ppm)
are evident beyond the benzylic carbons, which bear the greatest negative charge. This is consister
with electrostatic deshielding.

The fluorenyl anion13 shows a symmetrical shielding surface (Figure 9b). In addition to an
elongated slightly curved mound of shielding over the three rings (with maximum shielding of
3.04 ppm), there is a distinct region of deshielding (-0.71 ppm) centered 1.5 A beyond the bisbenzylic
carbon. This region of deshielding indicates substantial negative charge localization on the bisbenzylic
carbon of the fluorenyl anion. Natural population analysis (npa) charge calculations (Figure 2) verified
this; the npa charge on the benzylic carbon is -0.43 e, nearly 0.10 e more negative than the charge o
any other carbon atom in the structure. The mean charge per C-H group (excluding the charges on ring
juncture carbon atoms) is -0.06 e for the benzene ring and -0.24 e for the cyclopentadienyl ring,
consistent with the deshielding region beyond the benzylic carbon.
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Figure 9. Isotropic shielding increment surfaces of {d)and(b) 13.

Figure 10. Isotropic shielding increment surfaces (@) cyclopentadienyl anion2 and
(b) tropylium ion 14.

-4 3 -2 -1 0 1 2 3 4

(a) (b)
2.3. Benzene fused to tropyliumion

The shielding surface over the benzotropylium itk has an elongated mound of shielding
symmetrically displaced over both rings (Figure 11a). The maximum shielding is 4.67 ppm. This is
comparable to the shielding increment for tropylium ion 14 at 2.5 A (4.52 ppm; Figure 10b) but greater
than that reported for benze2g?2.96 ppm) [5]. The large shielding effect over benzotropylium and
tropylium ion is partly due to its positive charge, which attracts electron density to the proximal
hydrogen of the probe molecule. The slightly enhanced shielding relative to tropylium ion is consistent
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with two opposing factors: fusion with a second aromatic ring, which increases shielding and
delocalization of the positive charge over more atoms, which diminishes shielding. Calculations of the
npa charge (Figure 2) show that the positive charge is widely distributed among the atoms, with the
tropylium side of the structure bearing over 70% of the positive charge. Charge calculations per C-H
group give +0.08 e for the benzene ring and +0.14 e for the tropylium ring, disregarding the charge on
the ring juncture carbons. All of the calculated charge is located on hydrogen; none is on carbon. Bond
length calculations verify the delocalization of electron density; the bond lengths range from 1.36 A to
1.43 A;Ad = 0.07 A. Interestingly, the greatest alternation in bond lengths is in the benzene portion of
the structure. The tropylium side has bond lengths ranging from 1.38 A to 1.4B-20 85 A.

The isotropic shielding increment surface of bisbenzotropylium éoffFigure 11b) is an elongated
curved mound encompassing all three rings. The maximum shielding value is 4.27 ppm, suggesting
even greater delocalization of the charge in this structure compared to benzotropylium ion (above),
although npa charge calculations ((Figure 2) indicate that about half of the positive charge is associatec
with the carbon and hydrogen atoms of the central (tropylium ion) ring in bisbenzotropyliuk®, ion
less than in benzotropylium iol$. The mean charge per C-H group (excluding the charges on ring
juncture carbon atoms) is +0.08 e for the benzene rings and +0.17 e for the tropylium ring.

Figure 11. Isotropic shielding increment surfaces of {&)and(b) 16.

The isotropic shielding surface over trisbenzotropylium I8nFigure 12)shows four connected
mounds of substantial shielding. The benzene rings have shielding maxima at their centers that are
nearly equal in magnitude (3.64 ppm and 3.66 ppm). The positive charge is widely distributed around
the tropylium ring and also into the benzene rings ((Figure 2). The mean charge per C-H group
(excluding the charges on ring juncture carbon atoms) is +0.07 e for the two equivalent benzene rings
(A), +0.08 e for the other benzene ring (C) and +0.12 e for the tropylium ring. Delocalization of charge
away from the central ring results in less maximum shielding than observed over tropylitdnaion
2.5 A (4.52 ppm, Figure 10b) and bisbenzotropylium 16n(4.27 ppm, Figure 11b) but greater
shielding over the benzene rings than was observed over benzene 2 at 2.5 A (2.96 ppm, Figure 4a).
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Figure 12. Isotropic shielding increment surface of 17.

Table 2. Shielding increments 2.5 A over ring midpoifasd NICS(1) values) as labeled

in Figure 2.
Ao and (NICS(1)) in ppm above center of ring:
Structure A B C
11 2.36 (-12.35) 2.32 (-16.97) -
12 -- 1.17 (-14.03)
13 2.93 (-12.56) 2.61 (-15.76) -
14 -- 4.52 (-11.22)
15 4.51 (-14.35) 4.52 (-10.56) -
16 4.18 (-13.41) 4.22 (-8.46) -
17 3.64 (-11.91) 3.40 (-4.72) 3.66 (-12.13)

As seen in Table 2, for the ionic aromatic fused hydrocarbons NICS(Nawalues give opposite
trrends for ring B. This is becauAe values are sensitive to charge [14], unlike NICS(1) values. The
anions {1-14) cause electrostatic deshielding of the probe, somewhat offsetting the shielding effect of
aromaticity. The cations1§-17) cause electrostatic shielding of the probe, thus enhancing the
shielding effect of due to aromaticity.
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3. Computational Section

Equilibrium structures of each of the hydrocarbons in Figures 1 and 2 were obtahthif33]
using the using the HF/6-31G(d,p) level of theory and basis set [34]. These planar structures were
oriented as indicated in Figures 1 and 2 with the atoms in the XY plane and their Cartesian coordinates
were obtained. A diatomic hydrogen probe molecule oriented perpendicular to the plane of the
hydrocarbon with the proximal hydrogen 2.5 A from the plane of the hydrocarbon was added the
Cartesian coordinate description of each structure. This probe distance was selected because previol
studies have shown that using a molecular probe that is closer than 2.5 A results in mutual perturbatior
of the probe orbitals and thebonds of the hydrocarbon, as that distance is less than the sum of the
van der Waals radius of the probe molecule hydrogen and the effective radiustbbti[35, 36]. A
series of single point GIAO calculations was performed in Gaussian 03 [37] on a PQS Linux cluster on
these supramolecules using the same method and basis set, moviagtbieeHn 0.5 A increments in
both the X and Y directions in separate calculations. Previous calculations [38] have shown that basis
set superposition error, as measured by the counterpoise method of Boys and Bernardi [39], introduce
a negligible effect on shielding values; BSSE is typically no greater than 0.05 ppm. Also, the
difference between the shielding values obtained using single point calculations and constrained
geometry-optimized calculations is also negligible [31]. The calculations covered a square grid that
extended beyond the positions of the carbon atoms in the X and Y directions. The symmetry of some
of the structures allowed only one-half or one-fourth of the grid to be calculated and the data to be
replicated by a reflection across the X or Y axis (or X and Y axes). Isotropic shielding calculations
were also performed with the diatomic hydrogen probe 2.5 A above the geometric midpoint of each
ring. The shielding incremenA@) at a given point in Cartesian space was determined by taking the
difference between the calculated isotropic shielding value of one of the hydrogens inpiabéd
alone (26.77 ppm) and that of the proximal hydrogen of therdbe at that point relative to the
polycyclic hydrocarbon structure. Computed isotropic shift values greater than that of isolated H
result in positive (shieldingho values; those with smaller values yield negative (deshieldkog)
values. The shielding incrementAd( are therefore equal in magnitude but opposite in sign to
differences in'"H-NMR chemical shifts 43). Three-dimensional NMR shielding increment surfaces
(Ao vs. X and Y at a fixed value of Z) were prepared using SigmaPlot [40] to represent graphically the
locations and magnitudes of shielding over the molecules in the study. NICS(1) values [3] and natural
population analysis charges [32] were computed using the same level of theory and basis set.

4. Conclusions

GIAO-HF/6-31G(d,p) calculations were performed to determine the isotropic shielding value of the
proximal hydrogen of a diatomic hydrogen probe located at various positions perpendicular to the
plane 2.5 A above a series of fused ring hydrocarbons. These fused ring hydrocarbons are
combinations of benzene fused to cyclobutadiene, benzene fused to cyclopentadienyl anion, or
benzene fused to tropylium ion. The isotropic shielding value (26.77 ppm) of hydrogen in diatomic
hydrogen was subtracted from each of the above calculated shielding values to obtain the shielding
increment Ao). Three dimensional NMR shielding increment surfaces are presented for each of these
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hydrocarbons. In most instances, the shielding increment surface shows the expected region of
shielding over aromatic (benzene, cyclopentadienyl anion, tropylium ion) rings and the region of
deshielding expected over antiaromatic (cyclobutadiene) rings. However, in a few structures,
unexpected shielding increment surfaces were obtained. In these unexpected cases, examination ¢
computed bond lengths and natural population analysis atomic charges led to an understanding of thi
observed shielding effects, generally interpreted in terms of locafizexhds or polarization effects.

Bond length calculations and (where available) X-ray data were examined to ascertain the degree o
localization (or delocalization) oft bonds. Results were compared with published current density
maps for several of the structures; they were consistent. Among the benzene-cyclobutadiene fused rini
hydrocarbons, six membered rings with adjacent formal cyclobutene rings (rind,Ajrs and 6)

have very little aromaticity, but external six membered rings connected to formal cyclobutane rings
(ring Ain7, 8, 9 and 10 are aromaticComputed shielding increment&d) above the six-membered

rings of the eight benzene-cyclobutadiene fused hydrocarbons in the study correlate well (r = 0.98)
with NICS(1) values; correlation was also good (r = 0.92) betwiereand NICS(1) computed above

the four membered rings in those structures. Both methods are used for evaluating aromaticity.
However, NICS(1) is not the most effective NICS index, but gives only a crude estimate. MK2S(0)

is considered to be the best NICS method [6].
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