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ABSTRACT

Conventional explanations of proton NMR chemical shifts need fundamental revisions. Ab initio (IGLO) analyses reveal that the downfield δ
1H of benzene is not due to deshielding ring current effects; the shielding is less than the π contribution to vinyl δ 1Hs. Enhanced deshielding
σ CC influences are responsible for the more downfield δ 1Hs of the inner protons of naphthalene and anthracene. Double π effects shield
ethynyl Hs; there is no evidence for a special “ring current influence.”

The conventional explanation for the unusual downfield
chemical shift of arene hydrogens needs a fundamental
revision: arene hydrogens are NOT deshielded by ring
current effects. The conventional explanation is based on
Pople’s ring current model1 typically illustrated as in Fig-
ure 1a in almost all NMR monographs and organic text-
books, where the Hs are located in the deshielding region
around benzene.2 This scheme was based on the “Pauling-
Lonsdale-Londonπ model”3 and ignores other possible

local contributions from theσ C-H and C-C bonds.
Musher’s4 suggestion that local contributions, rather than ring
currents, were responsible for the downfield1H shifts in
aromatic hydrocarbons has been criticized1c-e,5 and sup-
ported6,7

McConnell’s8 equation predicts the directional dependence
of the NMR shielding tensors experienced by a nucleus in
proximity to an anisotropic group. Evaluation of the sign of
the shielding effect calculated by this equation gives rise to
the familiar “shielding cone” depictions not only for benzene
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Figure 1. Comparison of the conventional ring current model2 (B0

and B′are the applied and induced magnetic fields, respectively)
with the shielding environment computed by the IGLO method.10a

Red and green color dots represent magnetically shielded and
deshielded points, respectively.
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(Figure 1a) but also for other molecules modeling functional
groups (Figure 2a).9 Unfortunately, these depictions also
result in incorrect predictions at variance with the shielding
surfaces computed by ab initio and density functional
methods.10

These modern computations10 show (see Figure 1b) that
the deshielding zone of benzene is weak in magnitude and
begins farther away from the ring center than in Figure 1a.
Schleyer et al.’s grid10a and Klod and Kleinpeter’s informa-
tive graphical representations of the shielding environments
of various molecules10b,d showed that the deshielding zone
in benzene starts ca. 3.5 Å away from the center of the ring.
Hence, the Hs fall into theshielding rather than into the
deshieldingcone. This paper analyzes, in detail, the reasons
for the difference in the chemical shifts between arene and
vinyl Hs. (Note that magnetic “shieldings” are absolute
values and have the opposite sign convention than chemical
“shifts”, which are measured experimentally relative to a
chosen standard.)

A similar study was first reported by Fleischer, Kutzelnigg,
Lazzeretti, and Mühlenkamp in 1994.7 They employed
individual gauge for the localized orbitals (IGLO) method11

to study the ring current and local effects on the1H NMR
chemical shieldings of benzene and related olefins. The IGLO
method dissects total shieldings into individual CC(π),

CC(σ), CH, lone-pair, and core electron-localized molecular
orbital (LMO) contributions. After a complicated analysis,
Kutzelnigg et al. concluded that ring currents are present in
benzene but have “only a small effect on the1H shift. So
Musher is somehow right that a description of the magnetic
properties of benzene is possible in terms of localized
quantities.” These conclusions have been ignored until very
recently.10 Textbooks continue to repeat the conventional
explanation.

The data in Table 1 document the good agreement of the
IGLO-computed12 proton chemical shifts with the experi-
mental2,13 values and provide the details of the LMO
dissection. The contribution of the intrinsic C-H bond itself
to the H shielding is by far the largest. However, these
contributions are almost the same in different hydrocarbon
environments. The exceptions are acetylene and the three-
membered rings, evidently due to the influence of the
essentially sp C-H bond hybridization. The very small core
(carbon 1s) electron contributions can be ignored. Likewise,
nonvicinal CHs have negligible shielding effects. Hence,
variations in hydrogen chemical shifts are mainly due to
differences in the CC(π) and the CC(σ) contributions.

Ethene and Ethyne.Contrary to the usual depiction of
completely different shielding environments of ethene and
ethyne (Figure 2a), attributed to an alleged “ring current
effect” in ethyne, the computed shielding environments
(Figure 2b) show no qualitative differences among ethane,
ethene, and ethyne.10b There is no discernible “ring current”
effect in ethyne nor any indication of the “shielding-
deshielding” cones depicted in Figure 2a. The upfield
hydrogen chemical shift in C2H2 is not due to the alleged
special “diatropic ring current effects,” but primarily to
normalπ shielding influences. The IGLO dissection, Table
1, reveals that the CC(π) shielding of the Hs perπ bond is
the same in ethene (2.6 ppm) and in ethyne (2.5 ppm for
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Figure 2. (Top) Classical anisotropy (shielding (+) and deshielding
(-)) cones for ethene and ethyne. (Bottom) Computed shielding
environments of ethane, ethene, and ethyne.
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each of the twoπ bonds). The total 5.0 ppmπ effect in
ethyne is additive rather than enhanced as one would expect
if special “ring currents” were operative.

Benzene.Statements such as “the downfield chemical shift
of the arene protons (δ ∼7.3) relative to those of vinylic
protons (cyclohexeneδ ∼5.6) is because arene protons lie
in the deshielding zone (Figure 1a)”2b,2c,14 are incorrect.
Figure 1b shows the arene protons to lie in theshielding
zone rather than the deshielding zone! The C-C(π) bonds
shield the benzene Hs by+1.9 ppm (Table 1).

Why then are the benzene protons downfield (by 1.7 ppm,
experimental) relative to the vinyl protons in cyclohexene?
Comparison of the data for both hydrocarbons in Table 1
reveals that small variations in all the C-C(σ) and the C-H
contributions together account for only about half of the total
difference. The other half is due to the 1.0 ppmdecreasein
the π bond shielding of benzene (1.9 ppm) relative to
cyclohexene (2.9 ppm).

Toluene.Note that the methyl Hs in toluene do lie in the
deshieldingring current zone of benzene. However, the
paratropic C-C(π) contribution,-0.5 ppm (Table 1), to the
total methyl hydrogen shielding is small.

(14) For a comparison of CC(π) shielding grids of benzene, acetylene,
cyclobutadiene, andtrans-dihydropyrene, see Supporting Information.

Table 1. LMO Contributions, Evaluated at the PW91/IGLO-III//B3LYP/6-311+G** IGLO Level, of Various LMOs (CH(main),
CC(π), CC(σ), CHother, and Core) to the Total Proton Shieldings (δcalcd (δobs), in Parts Per Million, Are the Computed (Experimental)
Chemical Shifts Relative12 to TMS)

a Enhanced by geminal CH effects.b Based onδ 7.27 for benzene and the experimentally13b observed difference of 1.51 ppm between CBD and benzene
in a clathrate.
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Naphthalene and Anthracene.The proton chemical shifts
of polycyclic arenes often vary in systematic ways. Thus,
the benzene (δ 1H 7.3) and outerâ-protons of naphthalene
and anthracene (bothδ 1H 7.3) resonate at ca. 0.5 ppm higher
fields than the innerR-protons (Table 1). Theγ-Hs on the
central ring of anthracene (δ1H 8.3) are deshielded even
more. Although Blustin6 rationalized these trends by employ-
ing Musher’s localized model,4 Haigh and Mallion15 showed
that the chemical shifts predicted by the traditional ring
current model also agree with experimental values. Accord-
ing to the currently accepted explanation, paratropic ring
current contributions from adjacent rings help deshield the
R-protons in naphthalene and anthracene and the Hγs to a
greater extent in the latter.1d

As in benzene, the CC(π) contributions in Table 1shield
all the naphthalene and anthracene Hs. While the shielding
is 0.2-0.3 ppm less for HR and 0.5 ppm less for Hγ than for
Hâ, larger differences, 0.7 and 1.2 ppm, respectively, are
found in the deshielding CC(σ) contributions. The more
detailed analysis given in the SI material shows that the larger
CC(σ) differences depend on the number of nonadjacent
C-C bonds; there are two for Hâs, three for HRs, and four
for Hγs. Hence,σ rather thanπ effects are primarily
responsible for theδ 1H variations in these acene systems.

Cyclopropene and the Cyclopropenium Ion.The three-
membered rings in Table 1 exhibit unusually deshielded
proton chemical shifts,δ 10.3 for the cyclopropenium cation
and δ 7.06 for thedC-Hs of cyclopropene (i.e., in the
“aromatic region”). However, theπ contributions areshield-
ing in both cases. The observed deshielding arises from the
paratropic CC(σ) contributions and the lower inherent main
C-H bond shieldings. The latter effect evidently is due, as
in ethyne, to the essentially sp hybridization of the CH
bonding.

Cyclobutadiene and Benzocyclobutadiene.Contrary to
the expectation that the paramagnetic ring currents of
antiaromatic compounds16 should shield the cyclobutadiene
(CBD) protons, theseδ Hs arenot found upfield. Instead,
they appear in the vinyl H regions because the paratropic
contributions from theπ bonds at the ring center in CBD
are close to zero.10a,14The experimentally measured13b upfield
proton chemical shift of CBD relative to benzene in a
clathrate, 1.51 ppm, is in agreement with the computed
difference, 1.6 ppm (Table 1). Moreover, the computed
proton chemical shift for CBD,δ 5.9, is close toδ 5.38,
measured17 for the tri-tert-butyl-cyclobutadiene ring H. The
slight upfield shift of the CBD Hs is due to an increase in
theπ bond shielding (2.8 ppm) relative to that in cyclobutene
(2.4 ppm). Note that the total CC(σ), CHother, and intrinsic
CH contribution in both these cases are almost the same.

The greater downfield chemical shift of benzocyclobuta-
diene protons (H4MR) relative to those of CBD is attributed
(Table 1) to the larger paratropic contributions from theσ

C-C bonds. Also note that the total CC(π), CHother, and core
contributions are nearly the same for both of these hydro-
carbons.

We conclude that the deshielding cone of benzene actually
begins farther away (>3 Å) from the ring center10a,b than
the Johnson-Bovey prediction.9 Consequently, the protons
are shieldedand not “deshielded” by theπ ring current.
However, this diatropic effect is 1.0 ppm less than theπ
shielding of the vinyl protons of cyclohexene by the CdC
double bond. Small differences in the CH and CC(σ)
shielding also contribute to theδ 1H of benzene. Likewise,
the protons of cyclobutene and CBD are also in the shielding
zone; the higher field chemical shift of the CBD Hs is due
to the increase inπ bond shielding relative to cyclobutene.
Although arene proton chemical shifts have long served as
a major criterion of aromaticity, the findings in this paper
and the related literature10 undermine at least part of the
theoretical basis for this connection.

No direct relationship between external arene H chemical
shifts and other magnetic, geometric, and energetic aroma-
ticity criteria is apparent from the data in Table 1. Neither
the NICS(1)18 of benzene (-10.6), naphthalene (-10.8) and
anthracene (-9.9 outer rings,-13.1 inner ring) nor the
HOMA values18 parallel the proton shifts. The ASE/electron
for naphthalene and anthracene are not larger than benzene,18

but the Hs are farther downfield. The ASE/electron of the
trans-dimethyldihydropyrene [14]annulene (see Supporting
Information) perimeter is less than that of benzene, but the
H shifts are farther downfield.19 Likewise, the outer H
chemical shifts of [18]annulene (δ ) 9.2)13a are among the
most deshielded of any aromatic hydrocarbon, but the ASE/e
is much less19 than benzene’s. We will show in a subsequent
paper that the proton chemical shifts of conjugated olefin
systems can fall in the “aromatic region”.
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