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ABSTRACT

The downfield chemical shifts of arene hydrogens ( δ 1H) are due only in part to the π ring current contribution [ σ||(π)]; local framework effects
are equally important. Neither proton chemical shifts nor even σ||(π) tensor elements, per se, are reliable aromaticity indicators. Unsaturated
polycyclic hydrocarbons with nonaromatic quinoid structures have δ 1H and σ||(π) values in the “aromatic range”. Conversely, numerous
aromatic protons, including those in five-membered ring heterocycles, resonate in the “nonaromatic range”.

The chemical shifts of arene hydrogens generally resonate
further downfield than those of olefins.1 This characteristic,
noted soon after the development of NMR spectroscopy,
rapidly became a widely employed aromaticity criterion. And
so it remains today, despite long known anomalies (cf. Figure
1). While such problems have been attributed to heteroatom

influences,2,3 Chesnut showed that there is no correlation
between the measuredδ 1H values of five-membered ring
heterocycles and other aromaticity indexes.2

The traditional arene proton chemical shift range beginning
at about 7.0 ppm (benzeneδ 1H ) 7.27) is still regarded as
being reliable to distinguish aromatic from nonaromatic
polyunsaturated hydrocarbons.4 Pople’s induced ring current
model1a,5 continues to be invoked as the explanation.6 As
stated by Vogler, “In case of benzenoid hydrocarbons, it is
a sufficient approach to take onlyδring currentinto account.”4e

Pople’s model is presented in most introductory organic
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Figure 1. 1H NMR chemical shifts (δ 1H, in ppm) do not dif-
ferentiate between aromatic and nonaromatic five-membered rings
unambiguously.
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textbooks and NMR monographs, but its assumptions and
limitations usually are not emphasized. It is well recognized
thatπ ring currents are only one of the reasons for the arene-
vinyl hydrogenδ 1H differences.4-7

Although the recent restatement that “The benzene protons
are predictedto lie within the deshielding zone defined in
terms of the out-of-plane magnetic shielding domain” 6a [our
emphasis] is accurate, it has been demonstrated computa-
tionally several times recently that these H atoms actually
lie in the isotropic shielding zoneof benzene.7 Although
seemingly in contradiction, both statements are correct. To
reconcile these two viewpoints, it must be appreciated that
the NMR chemical shift is fundamentally a tensor quantity
(σ) with three principal axes,8 along which each component
has contributions from bothσ andπ electrons. [Using bold-
faced type, we differentiate the chemical shielding tensor
(σ), from the sigma (σ) electrons.] In the customary textbook
visualization, the applied magnetic field is parallel (||) to
the out-of-plane axis and perpendicular (⊥) to the two in-
plane axes.

The traditional ring current model considers planar
molecules and treats only the delocalizedπ electron contri-
bution to theout-of-planeshielding component [σ||(π)]. It
tacitly assumes that the contributions from theσ electrons
and/or the in-plane tensor components [σ||(σ), σ⊥(π), σ⊥(σ)]
do not affect thedifferencesin the downfield chemical shifts
of arene vs vinylic protons. Unfortunately,σ||(σ) has a
substantial effect on such chemical shift differences. A further
drawback of the traditional model is that theσ||(π) component
cannot be measured directly experimentally.8,9 The physically
observable isotropic chemical shift is an orientationally
averaged quantity, whose separateσ||(π), σ||(σ), σ⊥(π), and
σ⊥(σ) contributions are inextricable.10

Although the ring current model rationalizes the pro-
ton chemical shifts of the larger antiaromatic or aromatic
[n]annulenes well,1b,11 Schneider, Bernstein, and Pople em-
phasized the inadequacy of the model to account for the
proton chemical shifts of nonalternant and charged aromat-
ics.12 Also, this model has difficulties in interpreting proton
chemical shifts of heteroaromatic five-membered rings

(Figure 1),2 extended conjugated nonaromatic compounds,
bicyclic antiaromatic systems, and even the behavior of
polybenzenoid hydrocarbons (PBHs).

The inner ring of phenanthrene (7) exemplifies the PBH
set. This ring is firmly established to be less aromatic (more
olefinic) than the outer rings by its chemical behavior,
nucleus independent chemical shift (NICS),13 current density
properties, and CC bond lengths.14 In contrast, the inner ring
δ 1H (7.8) and especially the large (σ||(π) ) -8.0) shielding
component (vs-4.0 to -6.2 for the outer ring) do not
conform to all the other aromaticity criteria.

The four-membered ring (4MR) of benzocyclobutadiene
(13) is antiaromatic, butδ 1H ) 6.5 is just below the>7
ppm aromatic range.15 The antiaromaticity of this 4MR is
clearly established by its NICS13 (+21.8 ppm), its current
density map,16 and the positiveπ contribution [σ||(π) ) +3.5]
to the out-of-plane shielding component (see Figure 2;
compare the cyclobutadiene data in ref 7a). Similarly, theδ
1H chemical shifts of the antiaromatic heptalene (10) are in
the olefinic 4 to 6 ppm17 range, in contrast to the NICS value
(+10.9 ppm), which indicates, as expected, the presence of
a paratropic ring current.

In addition, the ring current model does not account for
the proton chemical shifts of nonaromatic unsaturated
compounds. Figure 2 gives a number of examples, including
cyclopentadiene-annulated polycyclic unsaturated hydrocar-
bons and dibenzotropone derivatives. Isoindenes1 and4, as
well as the five-membered ring in indene2, haveδ 1H values
very close to the aromatic range (≈ 7 ppm). Some of the
hydrogens in nonaromatic8 and all of the H atomsin 9
clearly resonate in the aromatic range (up to 8.4 ppm!).

Nonaromatic9 (highlighted in the Abstract) is our most
dramatic challenge to “arene proton shifts as a criterion of
aromaticity.”6 All the ring δ 1H values of9 are clearly in
the aromatic range (>7.0), but9 unquestionably is a con-
jugated, nonaromatic polyene with considerable CC bond
alternation (0.08 Å). The small NICS(0) values displayed in
Figure 2 [-0.7 (terminal ring),-1.4 (central ring), and-2.6
(middle ring)] confirm that9 does not sustain diatropic ring
currents. Likewise, theπ out-of-plane components of the
NICS(π) shieldings18 for the three rings are much smaller
(-14.3 ( 0.1) than for benzene (-36.3). Although9 is
nonaromatic, the downfield proton chemical shifts (7.0 to
8.4 ppm) are due to theπ electron contribution to the out-
of-plane component (σ||(π)). [Fascinatingly, the range is from
-2.1 to -3.7 vs-3.1 ppm for benzene.] Thus, like theδ

(7) (a) Schleyer, P. V. R.; Manoharan, M.; Wang. Z. X.; Kiran, B.; Jiao,
H.; Puchta, R.; Hommes, N. J. R. v. E.Org. Lett.2001,3, 2465. (b) Klod,
S.; Kleinpeter, E.J. Chem. Soc., Perkin Trans. 22001, 1893. (c) Klod, S.;
Kleinpeter, E.J. Chem. Soc., Perkin Trans. 22002, 1506. (d) Martin, N.
H.; Allen, N. W., III; Minga, E. K.; Ingrassia, S. T.; Brown, J. D.J. Am.
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its principal axes (eigenvectors) in the molecule-fixed frame. In principle,
individual tensor components can be measured by solid-state NMR,
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from the chemical shifts of all possible orientations. In solution (the usual
measurement condition), molecules tumble freely and the tensor information
is lost. The measured (isotropic) chemical shift is the average of the tensor
components 1/3[δ11 + δ22 + δ33].

(9) Technical limitations preclude the direct experimental determination
of absolute magnetic shieldings. It is not possible to measure field strengths
to the parts per billion accuracy required for the determination ofBind.
Consequently, experimental chemical shifts are commonly defined relative
to an arbitrary standard. Explicit separation ofπ andσ effects onBind is
not possible experimentally.

(10) Our IGLO values of these components for benzene protons are-3.1
[σ||(π)], 4.7 [σ⊥(π)], 23.8 [σ||(σ)], and 20.7 [σ⊥(σ)] and those for H(2) of
cyclohexadiene are 0.4, 4.2, 23.2, and 21.6, respectively.
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Chem. A2002,106, 5703.
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1H chemical shifts,σ||(π) should not be taken as a reliable
measure of delocalizedπ ring current effects.

Pople12 noted problems with the ring current model for
nonalternant systems such as azulene (11). While theδ 1H
values of11 are all in the aromatic range, the downfield
shifts of the two protons lying on theC2 axis are due to the
counterbalancing of thepositiveπ electron contributions and
thenegativeσ||(σ) values [σ||(π) ) 6.5 vsσ||(σ) ) -4.9 for
the five-membered ring H;σ||(π) ) 8.0 vsσ||(σ) ) -4.5 for
the seven-membered ring H]. Likewise, theσ-electron
contributionsshift the analogous protons in bicyclopenta-
dienylene (12) far downfield (toδ ) 9.0). Despite its 10π
perimeter and negative NICS, theπ-out-of-plane components
of 12 are stronglyshielding, as evident from the positive
σ||(π) values in Figure 1.

These results demonstrate that the contribution of theσ
system cannot be neglected in rationalizingδ 1H NMR

downfield shifts. Accordingly, the current density and the
π-out-of-plane component of the proton shielding tensor are
condemned to be virtual quantities, at least as unmeasurable
experimentally as NICS!13

Finally, compounds can be aromatic (or antiaromatic) due
to theinduced circulation of theirσ electrons. This is shown
for cyclopropane by Herges’ ACID plot,19 by Dauben’s
enhanced magnetic susceptibility,20 and by NICS.21 However,
cyclopropane22 and cyclopropene (Table 1) cannot be
characterized as aromatic, either by theδ 1H chemical shifts
of the sp3 hybridized CH groups (δ ) ca. 0-0.7 ppm) or by
the π-electron contributions to the out-of-plane component
of the shielding tensor [σ||(π)]. Note that the chemical shift
(δ 1H ) 7.0 ppm) of the in-plane cyclopropene vinyl H is
deshielded and is in the aromatic range, despite the shielding
of its out-of-plane component. Cyclobutane isσ-antiaro-
matic,21,23 but its δ 1H values aredownfield from those of
cyclopropane.

(18) This is theπ out-of-plane component of the NICS(π) value (also
denotedδzz; see: Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v.
R.; Weber, J.Phys. Chem. Chem. Phys.2004, 6, 273). It was argued recently
that NICS(0) is not the best aromaticity criterion; the “πout-of-plane
component of the central shielding values” (δzz) was proposed instead
(see: Lazaretti, P.Phys. Chem. Chem. Phys.2004,6, 217). We find that
NICS(0) and theπ out-of-plane NICS(0) component correspond reasonably
well; e.g., the NICS(0) andδzz values for 9 (ca. -1.5 and -14.3,
respectively), are close to those for cyclohexadiene (4.6 and-12.4) but
are far away from the benzene values (-8.8 and-36.6).

(19) Herges, R.; Geuenich, D.J. Phys. Chem. A2001,105, 3214.
(20) Dauben, H. J.; Wilson, J. D.; Laity, J. L. InNonbenzenoid Aromatics;

Snyder, J. P., Ed.; Academic Press: New York, 1971.
(21) Moran, D.; Manoharan, M.; Heine, T.; Schleyer, P. v. R.Org. Lett.

2003,5, 23.
(22) (a) Coulson, C. A.; Moffitt, W. E.Philos. Mag.1949,40, 1. (b)

Bader, R. F. W.; Keith, T. A.J. Chem. Phys.1993,99, 3683. (c) Dewar,
M. J. S.J. Am. Chem. Soc.1984,106, 669. (d) Cremer, D.; Gauss, J.J.
Am. Chem. Soc.1986,108, 7467.

Figure 2. Computed isotropic NMRδ 1H values referenced to the benzene proton chemical shift (taken to beδ ) 7.3). The magnitude of
theπ out-of-plane component of the shielding tensor,σll (π), is given in brackets. NICS(0) values in ring centers are bold (red) diatropic;
green) paratropic). Note the downfieldδ 1H values (in the aromatic region) of various polycyclic unsaturatednonaromatichydrocarbons
(1, 4, 8, and9), whose small NICS values indicate the absence of significant ring currents. Remarkably, protons in the 10π electron species
12, as well as those along theC2 axis of azulene (11), lie in theπ shielding zone[positive σ|(π) values]. The proton chemical shifts and
the σ|(π) values were computed at the PW91/IGLO-III//B3LYP/6-311+G** level using the deMon NMR program.25
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The seemingly divergent statements, that benzene protons
lie (1) in the deshielding region of the π out-of-plane
component and (2) in theshieldingregion of the isotropic
domain, are both correct as specified. Although the shielding
region of the isotropic domain (statement 2) is not measurable
absolutely, it corresponds more nearly to the usual conditions
of NMR measurement, where the molecules are tumbled
about in the magnetic field. Statement 1 is restricted to
oriented molecules but represents the consequences of the
ring current model more closely. However, statement 1 does
not consider theσ||(σ) component, which makes significant
contributions forall the orientations. In addition,π out-of-
plane effects cannot be measured in isolation even if
molecules are somehow oriented in the NMR magnetic field.9

We have presented several provocative examples of
polyunsaturated hydrocarbons that sustain noπ ring current
but have protons shifted downfield more than those of
benzene. Nonetheless, these nonaromatic hydrocarbons have
π out-of-plane shielding components,σ||(π), as large as in
benzene. Even though these nonaromatic systems lack cyclic
electron delocalization, they exhibit the deshieldedδ 1H
values typically associated with “aromatic ring currents”.

The NMR chemical shifts of the protons of pyrrole
(average) 6.3, Figure 1), a classical aromatic heterocycle,
resemble the vinyl H atoms of cyclopentadiene (average 6.4
ppm) but not those of benzene (7.3 ppm). Hydrocarbons such

as cyclopropane and cyclopropene areσ aromatic, but their
protons neither are downfield shifted nor show anyπ ring-
current influence (e.g., from the cyclopropane CH2 group).
Interpretations that discount the effect ofσ electrons and
consideringπ electron circulations to be the sole origin of
ring current effects, are oversimplified. Given the comparable
magnitudes ofσ||(π), σ||(σ), σ⊥(π), and σ⊥(σ) and their
individual variability due to molecular environment, state-
ments such as “the chemical shifts of arene protons are
downfield relative to those of vinylic protons because the
arene protons lie in the deshielding zone [ofσ||(π) ring
currents]”6a are naive. Moreover, the ring current model
cannot be applied strictly to explain the proton chemical
shifts of the many known nonplanar aromatic systems (e.g.,
Möbius24 annulenes). Numerous aromatic structures are
devoid of protons in critical positions (or, as in the fullerenes,
lack H atoms completely), and hence theδ 1H chemical shift
aromaticity criterion cannot be applied. Finally, antiaromatic
molecules such as heptalene and cyclobutadiene have protons
that lie in the vinylic region and are not upfield shifted by
the isotropic shielding influences. No apparent relationship
between the arene H chemical shifts and other aromaticity
criteria are found, unless comparisons are restricted to closely
related models.2,7e Taken at face value, neither proton
chemical shifts nor their out-of-plane tensor components are
generally reliable aromaticity indicators.
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Table 1. Magnetic Properties of Monocyclic Hydrocarbons.a

The Protons of Neither theσ Aromatic Cyclopropane nor theσ
Antiaromatic Cyclobutane Are Shifted Downfield

NICS δ 1H σll (π)

cyclopropane-H -42.8 0.0 0.0
cyclopropene-H(3) -29.1 0.7 0.1
cyclopropene-H(1) 7.0 0.6
cyclobutane-H 2.6 2.0 0.0
cyclohexene-H(1) -0.6 5.9 0.3
1,3-cyclohexadiene-H(1) 4.6 5.5 0.2
1,3-cyclohexadiene-H(2) 6.1 0.4
cyclopentadiene-H(1) -4.1 6.5 -0.7
cyclopentadiene-H(2) 6.8 -1.2
benzene -8.8 7.3 -3.1

a δ 1H values are based on the benzene proton chemical shift, taken to
be 7.27. Theσll (π) quantity is theπ contribution to the out-of-plane com-
ponent of the shielding. Data at the PW91/IGLO-III//B3LYP/6-311+G**
level were computed with the deMon NMR program.25 The sp2-CH vinyl
protons of cyclopentadiene aredeshieldedby theπ out-of-plane component,
σll (π).
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