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Proton chemical shifts in NMR spectroscopy have long been
employed as primary experimental indicators of aromaticity
in unsaturated organic rings. Thus, the benzene proton
chemical shift d(1H) = 7.3 ppm is 1.6 ppm downfield from
the d = 5.6–5.8 ppm range of the d(1H) of the olefinic protons
in cyclohexene, 1,3-cyclohexadiene, and 1,4-cyclohexadiene.[1]

As such deshielding is attributed to the induced diatropic ring
currents of aromatic molecules, the induced paramagnetic
ring currents of antiaromatic species should result in upfield
d(1H) values.[2] However, the 1H chemical shift of cyclo-
butadiene (d = 5.8 ppm)[1] is in the olefinic region and is
almost the same as that of cyclobutene (d = 6.0 ppm).[3–5] This
discrepancy is especially puzzling since the paratropicity of
cyclobutadiene is well established.[6–9]

We now introduce the BLW-IGLO method, a quantum
chemical approach that not only solves the cyclobutadiene
mystery fully but also enables the direct assessment of p-
electron delocalization effects on the NMR chemical shifts of
polycyclic conjugated and hyperconjugated systems generally.
Our computational strategy combines block-localized wave-
function (BLW) scheme developed by Mo et al.[10–12] with
Kutzelnigg�s IGLO methodology[13] to analyze the magnetic
properties of model reference species with “chemically non-
interacting” (disabled) double bonds.

The BLW scheme[10–12] constructs and optimizes a block-
localized wavefunction self-consistently to represent a spe-
cific resonance structure (i.e., a diabatic state), which can
serve as a localized reference for comparison with the fully
delocalized wavefunction energy (Scheme 1). This compar-

ison evaluates the effect of electron delocalization on
molecular energetics and geometries. In practice, the N
electrons and M primitive orbitals are partitioned into k
blocks. Each localized orbital is expanded in terms of the

primitive orbitals only in its own block. The molecular
orbitals (MOs) of a given block are mutually orthogonal,
while the orbitals of different blocks have finite overlap. As
an example, the wavefunction of hypothetical 1,3,5-cyclo-
hexatriene, where the double bonds resemble those in
ethylene, is given in Equation (1):

Yð4BLWÞ ¼ ÂA F2p
C1C2

F2p
C3C4

F2p
C5C6

s
n o

ð1Þ

whereF2p
C1C2

denotes the occupied C1C2 p molecular orbital, s

represents all the s MOs, and ÂA is the antisymmetrizer.
The combined BLW-IGLO method presented herein

enables the analysis of the effect of electron delocalization
on NMR chemical shifts and related magnetic properties.
Unlike standard localized molecular orbitals (LMOs), the sets
of BLW-DFT orbitals used in the IGLO computation have no
residual delocalization tails. In other words, the interactions
between occupied and virtual LMOs are quenched in the
BLW-IGLO computations, producing the desired effect.
Illustrative applications of this exciting BLW extension clarify
“magnetic anomalies” (e.g. unexpected shielding or deshield-
ing effects) of prototype molecules.[14]

The geometric distortion of the D6h symmetry of benzene
(1a), for example, to an enforced D3h 1,3,5-cyclohexatriene-
like geometry has little effect on the proton chemical shift[15]

(only d = 0.1 ppm, Figure 1, left) and only decreases the out-

of-plane tensor component of the nucleus-independent chem-
ical shift, the NICS(0)pzz value,[7,16, 17] moderately from �36.3
to �28.2 (Figure 2). In sharp contrast, the “electronic” BLW
distortion has far larger consequences. Eliminating the p

conjugation by blocking all three p orbitals in D3h 1b
(Figure 1 and Figure 2) reduces d(1H) to d = 6.2 ppm (the
non-aromatic vinyl hydrogen region) and NICS(0)pzz to zero.
Imposing a D6h geometry on 1b (but still with blocked p

orbitals) increases both values only modestly (Figure 1 and
Figure 2). As D6h 1b retains the benzene geometry, but has no
conjugation, its non-aromatic vinyl hydrogen atoms (d(1H) =

6.6 ppm) are the ideal “non-aromatic” reference for 1a.
Blocking only a single p double bond as in 1c (Figure S1,

Scheme 1. Schematic depiction of a block-localized wavefunction.
RE = resonance energy.

Figure 1. (BLW)-IGLO-PW91/IGLO-III isotropic NMR d(1H) chemical
shifts for 1a and 1b (the p contribution to the out-of-plane shielding
tensor components dp

? are given in parentheses) referenced to the
experimental benzene proton chemical shift (d = 7.27).[1] Geometries
were optimized at B3LYP/6-31G(d) for D6h 1a and 1b and at BLW-
B3LYP/6-31G(d) (fully optimized with the BLW constraints) for D3h 1a
and 1b. Bond lengths are in �. Blocked double bonds are circled.
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Supporting Information) also disables the p ring current
completely. Thus, the “vinyl” protons on the blocked double
bond resonate at d = 6.3 ppm, while those of remaining
butadiene moiety (d(1H) = 6.6 and 6.7 ppm) are deshielded
by the conjugated double bonds but not by the “extra” ring
current contributions.

As both p electronic structures and chemical shifts are
anisotropic properties, their relationship depends on the
Cartesian axis directions (x, y, z) as represented by the tensor
components dxx, dyy, and dzz. The conventional isotropic
chemical shift is the average of these three tensor compo-
nents. The out-of-plane component of a planar molecule (dp

zz

by convention; denoted here as dp
?, with “p” indicating that

only the p-electron contributions are considered) reflects the

magnetic response of a molecule toward a
magnetic field applied perpendicularly to
the plane and is related to the current
density.[16, 18] As a proof of concept, the d =

1.1 ppm upfield shift (d = 7.3 (1a) to
6.2 ppm (1b), Figure 1 and 2) arising from
the absence of a ring current in 1b and 1c, is
given solely by the contribution of the out-
of-plane component (dp

?= 3.1 ppm, see
Figure 1) of the proton chemical shielding
tensor to the isotropic chemical shift (dp

iso =

dp
?/3!-3.1/3 =�1 ppm).[18,19]

The generally contrasting magnetic
responses between benzene 1a and the
localized cyclohexatriene structure 1b are
illustrated in more detail by the magnetic
shielding function isosurface shown in
Figure 3. The isovalues correspond to the
out-of-plane component of the shielding
tensor[20, 21] for the delocalized (i.e.,
sp
?(R)1a) and localized (i.e., sp

?(R)1b) struc-
tures. Their difference (Dsp

?(R)1) reflects
the magnetic effects arising solely from p-
electron delocalization. Note that the plots
of the shielding isosurfaces are equivalent to
maps of spatial distribution of NICSpzz or
induced magnetic field (i.e., Bp

z values).[22]

At the ring center, sp
?(R0) = -NICS(0)pzz.

Three features evident in Figure 3 differ-
entiate D6h benzene 1a from localized 1b.
The benzene protons (1a) are in the
deshielding region (red), while those of 1b
are not. The pronounced localization of the
three p orbitals in 1b contrasts with the
shape of the isolines encompassing the
benzene framework in 1a. As is typical for
systems lacking global ring currents, the p

magnetic shielding is negligible at the 1b
center (see NICS(0)pzz in Figure 2) and is
not as long-range as 1a (see Dsp

?(R)1 plot in
Figure 3). The marginal difference between
Dsp

?(R) of hexafluorobenzene (2) and ben-
zene (1a) provides a direct comparison and
indicates that both have nearly the same
degree of electron delocalization.[23] While

ring current effects dominate the magnetic properties char-
acterizing benzene and other strongly aromatic species, the
much weaker ring current in borazine 3a results in an
imperceptible deshielding zone in Ds(p)

?(R)3 (only noticeable
at smaller isosurface values, see Figure S2 in the Supporting
Information) and much shorter-range shielding inside the
ring. However, even the modest shielding of borazine
(NICS(0)pzz =�9.6) in 3a is eliminated by the block local-
ization (NICS(0)pzz =�0.3) in 3bopt. The borazine results
corroborate the presence of only a weak diatropic ring
current[24–26] and do not support the original “inorganic
benzene” description.[27]

The BLW-IGLO effects on cyclobutadiene (CBD; 4a) are
opposite to those of benzene. The paratropic regions inside

Figure 2. (BLW)-IGLO-PW91/IGLO-III isotropic NMR d(1H) chemical shifts referenced to
the experimental benzene proton chemical shift (d =7.27 ppm)[1] employing B3LYP/6-
31G(d) geometries (BLW indicated as opt). Blocked double bonds are indicated in bold.
NICS(0)pzz/(NICS(0)isotropic) values were computed at the individual ring centers. Owing to
the nonplanarity of the p system, the 6b geometry was not optimized with BLW. More
details are given in the Supporting Information.
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the CBD ring (sp
?(R)4a) vanish when the two p bonds are

blocked (in sp
?(R)4’a). Also, the sp

?(R)4a and Dsp
?(R)4 plots

of cyclobutadiene are barely distinguishable, as the paratropic
global ring current fully dominates. BLW-IGLO also resolves
the puzzling anomaly of olefin-like 1H chemical shift of
cyclobutadiene.[3, 4] As noted earlier,[5] the d(1H) of CBD
(experimental d = 5.76 ppm; computed 5.7 ppm) is only
slightly upfield (d = 0.3 ppm) from the vinyl d(1H) of cyclo-
butene (d = 6.0 ppm).[1] This situation suggests, at least super-
ficially, that the paratropic ring current[2] of CBD is much
weaker than the diatropic ring current of benzene (see
above). However, the existence of a strong paratropic current
in CBD has been confirmed by other theoretical studies.[6, 8,9]

The reason for this apparent discrepancy is clarified by the
d(1H) = 7.5 ppm computed for the atropic 4’b (NICS(0)pzz =

1.4). The d(1H) value d = 7.5 ppm is an ideal non-antiaromatic
vinyl hydrogen benchmark for CBD, owing to the non-
interacting p bonds but intact cyclobutadiene framework of
4’b. Dimethylenecyclobutene is a much better reference than
cyclobutene for probing the paratropic ring current in cyclo-
butadiene. The computed d(1H) values for the ring �CH=

protons in dimethylenecyclobutene (7.65 ppm) are close to
the d = 7.5 ppm of 4’b. Note that going from 4b (BLW

equilibrium geometry) to the hypothet-
ical 4c (closer to a square) increases the
isotropic NICS values and the upfield 1H
shifts owing to the small gap between
the highest occupied and lowest unoc-
cupied MOs (HOMO–LUMO gap).[8]

The BLW-IGLO values (4’a, b, and c)
are, in contrast, barely affected by the
geometry change.

Much larger direct ring current
effects are illustrated by the 1H chemical
shifts of [18]-annulene (5 ; computed in
D6h symmetry[28]) and 1,6-metha-
no[10]annulene (6). The large (ca.
20 ppm) difference between d(1H) of
the inner and outer protons of 5a
decreases to a d = 3 ppm difference in
5b when the p delocalization is “disa-
bled”. Similarly, the annihilation of the p

ring current reduces the NICS(0)pzz from
�48.6 in 5a to �4.3 in 5 bopt. The
methylene protons of 6b are shifted
3 ppm downfield (on average) compared
to 6a. An interesting example is the
unambiguous presence of a homoaro-
matic benzene moiety in 6c.

Another proof of concept is pro-
vided by the BLW-IGLO analysis of the
mutual cancellation of paratropic and
especially diatropic ring currents engen-
dered by the fusion of the six- and four-
membered rings (6MR and 4MR)[29, 30] in
benzocyclobutadiene (7a). The shield-
ing at the 6MR center is reduced mark-
edly (NICS(0)pzz =�9.3) as compared to
�36.3 for benzene. Also, all the protons

in 7a resonate in the olefinic d = 5.6–6.4 ppm range. Local-
izing the two outer p orbitals of the 6MR (as in 7c) has very
little effect on the chemical shifts of both the 6MR and 4MR
protons of 7c (compare to 7 a). This finding confirms the
absence of a delocalized sextet in benzocyclobutadiene. In
contrast, the 4MR moiety in 7a (NICS(0)pzz = + 47.8) is as
paratropic as cyclobutadiene 4a (NICS(0)pzz = + 46.9). Local-
izing the outer 4MR p orbital (as in 7bopt) restores the
benzene-like proton chemical shift (d = 7.1 ppm) and the
NICSpzz value (�35.6) for the 6MR but annihilates the
paratropic current of the 4MR (NICSpzz =�1.3) almost
completely.

In contrast to 7, the electron localization of tricyclobuta-
benzene (8) results from both geometric distortion and
mutual cancellation of the 4MR paratropic and 6MR
diatropic ring current. Unlike D3h benzene (1a), which is
only constrained geometrically and has a modestly decreased
NICS(0)pzz value (�28.2), the central ring of 8 a (NICS(0)pzz =

0.3) resembles the electronically constrained cyclohexatriene
(D3h 1 b, NICSpzz = 0.0; Figure 2). When the outer 4MR
double bonds are localized, 8b reclaims over half
(NICS(0)pzz =�18.3) of the p ring current of D3h 1a. When
the geometry is relaxed (as in 8bopt), another d = 10 ppm

Figure 3. Isosurface plots (2 ppm value) of the out-of-plane shielding tensor components, and
the shielding differences Dsp

?(R) between the fully delocalized (e.g. sp
?(R)1a for 1a, D6h) and

block-localized (e.g. sp
?(R)1b for 1b D6h) structures of benzene (1), hexafluorobenzene (2),

borazine (3), and cyclobutadiene (4). Shielding/deshielding zones are indicated in blue/red.
Magnetic shielding computations at (BLW)-IGLO-PW91/IGLO-III employed standard (i.e. non-
BLW) B3LYP-6-31G* geometries. The hydrogen and heavy atoms locations are indicated by
small and large light green spheres, respectively.
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(NICS(0)pzz =�27.9) is regained; this value matches the
difference of D3h and D6h benzene. Akin to CBD, the 4MR
d(1H) in 7a and 8a (d(1H) = 6.4 and 6.5 ppm) are shifted
upfield when compared to the “localized” reference data
lying above the usual olefinic 1H chemical shift region (e.g.
d = 7.9 in 7bopt, 7.8 ppm in 8bopt).

Much weaker magnetic currents, for example those
induced by simple p conjugation, can also be analyzed by
BLW-IGLO. The shielding function difference plots
(Dsp

?(R)) identify the p-delocalization effects of such
systems (Figure 4) effectively. Since the magnetic shielding

function of conjugated compounds is not dominated by the p-
electron delocalization, the individual sp

?(R)delocalized/localized

maps are more difficult to interpret than their difference
(see the Supporting Information). The smaller and more local
(de)shielding zones of the Dsp

?(R) plots of 9–12 reflect the
weaker effects of their electron delocalization compared to 1–
4. Despite the negligible effect of localization on the olefinic
proton chemical shifts in syn-butadiene (9), p delocalization
across all the sp2-hybridized carbon atoms results in a stronger
deshielding zone in the vicinity of the carbon–carbon single
bond. The similar pattern characterizing the closely related
1,3-cyclopentadiene (10) is somewhat more pronounced.
Localization has an additional but opposite effect around
the methylene group. The overall result is due to the
hyperconjugative interaction with the methylene group,
which serves as a weak two-p-electron donor.[31] Despite the
negative NICS(0)pzz value (�8.6) at the center of 10 a, its
shielding pattern (Dsp

?(R)10) does not indicate the presence
of a ring current.[32] Clearly, the magnetic properties of p-
hyperconjugated 5MRs are more tunable than those of
compounds exhibiting strong ring currents. The greater p-
donor ability of the gem-disilyl group in 5,5-disilylcyclopen-
tadiene (11)[32] changes the magnetic pattern markedly; its

NICS(0)pzz value of �16.8 is half that of benzene, and
Dsp

?(R)11 resembles Dsp
?(R)1 to some extent, with a large

shielding zone inside the ring and an incomplete deshielding
loop outside. Conversely, Dsp

?(R)12, representing the p-
electron delocalization in the difluoro-substituted analogue
(12), resembles a 4-p-electron ring, with long-range character
inside evocative of the Dsp

?(R)4 of cyclobutadiene. Never-
theless, the breached shielding region of 12 and deshielding
region of 11 outside the ring suggest that substituted cyclo-
pentadienes may be better described as having “augmented
cyclic conjugation” than a uniform “ring current”.

The BLW-IGLO method enables direct quantitative
evaluation of p-electron delocalization effects on chemical
shift values. It provides otherwise unperturbed computational
NMR spectral references for the olefinic d(1H) values of
unsaturated organic rings. For instance, comparisons with the
d(1H) of ideal “block-localized” reference structures (d = 7.3–
7.9 ppm) reveal the expected upfield 1H chemical shift of
cyclobutadiene and its derivatives (d = 5.7–6.5 ppm).
Imposed geometrical constraints (e.g. C�C bond-length
alternation) have only modest effects on the magnetic
properties of cyclic conjugated molecules (e.g. delocalized
D3h benzene, 1a), but electronic constraints can eliminate
their dia- or paratropicity completely (1b). The BLW-IGLO
method also is useful for probing the magnetic responses of
individual rings (e.g. in benzo-fused cyclobutadienes) and
clearly differentiates borderline cyclic (hyper)conjugated
compounds from those exhibiting global ring currents (on
the basis of their Dsp

?(R) plots).
Further studies involving the direct probing and tuning of

p-electron delocalization effects on the properties of materi-
als and biomolecules are underway.

Experimental Section
Electronic structure computations employed a modified version of
GAMESS-US (release 2008)[33, 34] interfaced with the BLW-
module.[10–12] The code was adapted to output the energies and
eigenvectors for the complete set of (block localized) occupied and
virtual molecular orbitals. This information is then read by a modified
version of the deMon-MASTER code[35] that computes the NMR
parameters by numerical integration for both the delocalized and
BLW structures.

Unless otherwise stated, the non-BLW-PW91/IGLO-III wave-
function computations of the magnetic properties employed standard
B3LYP/6-31G(d) geometries. Both standard and localized (i.e. BLW
constrained) B3LYP/6-31G(d) geometries were used for the BLW-
PW91/IGLO-III wavefunction computations. The (BLW)-PW91/
IGLO-III orbitals based on the IGLO method as implemented in
the deMon-MASTER package were used to compute proton
chemical shifts, magnetic shielding function,[21] and the nucleus-
independent chemical shifts (i.e. NICS-based indices).[6,7] Isotropic
NMR 1H chemical shifts are referenced to the experimental benzene
proton chemical shift (d = 7.27 ppm).[1] The Pipek–Mezey[36] MO
localization and the chemical shift dissection were based on the s/p
symmetry. Chemical shifts were improved by the LOC1 ad hoc
correction for virtual orbitals.[37] The graphical representations of the
magnetic shielding function isosurfaces employed OpenDX 4.4.4.[38]
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Figure 4. Isosurface plots (1 ppm value) of the out-of-plane shielding
tensor component difference: Dsp

?(R) for 9–12 at the same levels as
given in Figure 3. Standard NICS(0)pzz values are in bold. Note the
similarities between Dsp

?(R)11 and Dsp
?(R)1 for benzene as well as

between Dsp
?(R)12 and Dsp

?(R)4 for cyclobutadiene. See the Support-
ing Information for details.
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