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We are presenting a computational study on the isotropic shielding, charge, and orbital contributions to the
shielding of oxygen in benzaldehydes (Ar-CHO), nitrobenzenes (Ar-NO2), phenyl isocyanates (Ar-NCO),
anilides (Ar-NHCOCH3), and N-sulfinylamines (Ar-NSO). In particular, changes upon ortho substitution
of the aromatic ring and upon torsion of the unsubstituted parent molecules are examined. The experimentally
observed changes in 17O chemical shift, be they upfield or downfield, upon substitution by ortho-alkyl groups
are reproduced well by the calculations. Relaxed torsional scans of the parent systems reveal that (a) charges
change as expected from resonance arguments and (b) changes in isotropic shielding are monotonic and in
line with changes upon substitution, with N-sulfinylaniline as an exception. In general, the changes in isotropic
shieldings are explained in terms of changes in molecular orbitals, their energies, and relative alignments,
whose mixing is magnetically active. Thus, for example, the observed deshielding of 17O upon methyl
substitution and upon torsion of benzaldehyde is mainly caused by a contribution from the π-type oxygen
lone pair, yet how these contributions change is fundamentally different. As a consequence, the experimentally
observed downfield shift upon methyl substitution cannot be interpreted to imply a change in torsion angle
between the phenyl ring and the aldehyde group. For N-sulfinylaniline, the consecutive downfield shifts upon
methyl and tert-butyl substitution and the associated changes in torsion angle are in contrast to the 45° maximum
in isotropic shielding that is determined from a relaxed torsional scan.

1. Introduction

During the course of our studies on 17O NMR spectra of
N-sulfinylaniline (Ph-NSO), its substituted derivatives, and their
complexes, it became clear that we needed information on the
torsional dependence of the 17O chemical shift. Fortunately, it
is known that 17O is a good reporter nucleus for conformational
changes in aromatic compounds that bear substituents with
terminal oxygen atoms,1 and so such information is readily
available for a multitude of functional groups that are more or
less obviously related to N-sulfinylanilines, such as aromatic
isocyanates2 (Ar-NCO) and amides3 (acetanilides, Ar-
NHCOCH3), aldehydes4 (Ar-CHO) and nitro compounds5

(Ar-NO2). For all of these, molecules with an unsubstituted
phenyl ring are planar in gas or liquid phases (even though this
might not be the case for the crystal),3,6 and twisting is
traditionally achieved through ortho substitution with groups
of increasing steric bulk. In order not to introduce major
electronic effects through substitution, methyl, isopropyl, and
tert-butyl are usually the alkyl groups of choice.

Interestingly, the steric influence on the 17O chemical shift
manifests itself in two opposing outcomes. While the 17O
nucleus in aromatic isocyanates and in acetanilides is shielded
(upfield shift) with increasing bulk in ortho position,2,3 it is
deshielded (downfield shift) in aromatic aldehydes and nitro
compounds.4,5 Upon alkyl substitution in ortho position, the
deshielding in aromatic aldehydes and nitro compounds and the
shielding in acetanilides have been explained through resonance
effects. Thus, in aromatic aldehydes (Chart 1) and nitro

compounds, the XdO bond is one (single) bond removed from
the aromatic system, and steric inhibition of resonance leads to
twisting about this bond and therefore decreased delocalization,7

increased double bond character,2 and decreased charge density
on oxygen.1 The same argument, steric inhibition of resonance,
leads to a decrease in double bond character of the CdO bond
(and an increase in charge on oxygen) in acetanilides because
the CdO bond is two bonds removed from the aromatic system
(Chart 1).3 A possible reason for the shielding of 17O in aromatic
isocyanates upon alkyl substitution in ortho position (and
assumed twisting), on the other hand, was less obvious, and
attractive van der Waals interactions with the substituent were
tentatively suggested.2

It follows from the above that the prediction of whether 17O
in terminal oxygen systems is shielded or deshielded upon
torsion is not necessarily straightforward. Fortunately, the 17O
NMR spectra of substituted N-sulfinylanilines are also available,
and in analogy to aldehydes and nitro compounds (and the

† To whom correspondence should be addressed. E-mail: muchall@
alcor.concordia.ca. Phone: (514) 848-2424, extension 3342. Fax: (514) 848-
2868.

CHART 1: Resonance Structures in Benzaldehydes and
Acetanilides3 That Explain the 17O (De)Shielding Observed
upon Twisting
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majority of similar functional groups),1 they also show a
deshielding upon introduction of increasing bulk in ortho
position.8

Unfortunately, though, in all cases mentioned above, twisting
is invoked through steric hindrance, and while it is assumed
that alkyl groups on an aromatic ring do not have a large
electronic effect on the 17O nuclear shielding in the functional
group, that assumption might be incorrect. For example, it struck
us as odd that the 2,6-dimethylphenyl isocyanate should be
twisted,2 there being no contacts between the NCO atoms and
hydrogen atoms of the substituents. In addition, from our
experimental 17O NMR studies, we were interested in the
chemical shift change upon twisting of the unsubstituted
N-sulfinylaniline. The calculation of chemical shifts (or isotropic
shieldings) is nowadays straightforward, and computational
chemistry, fortunately, does not encounter certain experimental
problems. Computationally, twisting can easily be studied free
of perturbing substituents by simply freezing torsion angles.

Finally, computational chemistry can also provide insight into
the origin of isotropic shieldings9-12 and their changes upon
twisting and substitution because the isotropic shielding can be
partitioned into its orbital contributions. Dahn has provided a
very readable excerpt on the topic.13 Particularly useful in
π-systems is the fact that the (mostly deshielding) paramagnetic
component of the isotropic shielding is inversely proportional
to the excitation energy (or difference in orbital energies) of
the molecule,14 as expressed in the Karplus-Pople equation.15

Thus, the important nOfπ*CdO interaction in carbonyl com-
pounds that gives rise to a low-energy electronic absorption
signal is also largely responsible for the deshielding of the 17O
nucleus in a magnetic field, if the mixing of the orbitals is
associated with an angular momentum.

In this paper, we first present the calculated oxygen shieldings
in the substituted systems (benzaldehydes, nitrobenzenes, phenyl
isocyanates, acetanilides, and N-sulfinylamines, Chart 2) to
provide an assessment of how well the chosen model chemistry
performs against experiment. The results are compared to the
calculated response of the oxygen shielding in relaxed torsional
scans for benzaldehyde (Ph-CHO, 1), nitrobenzene (Ph-NO2,
2), phenyl isocyanate (Ph-NCO, 3), acetanilide (Ph-NHCO-
CH3, 4), and N-sulfinylaniline (Ph-NSO, 5). Charges and orbital
contributions to the isotropic shieldings are presented in both
the substitution and the torsion studies to gain insight into the
source of the observed changes. We will show that only a
detailed computational study of each molecular system of
interest allows a conclusion on the change in shielding, its
direction, and its origin.

2. Computational Details

All calculations were carried out using Gaussian 03.16 Full
or partial geometry optimizations were performed with the
Becke317-Lee, Young, and Parr18 hybrid density functional
(B3LYP)19 and the 6-31+G(2d,2p) basis set. Where a discrep-
ancy between previously reported and calculated torsion angles
was encountered (2,6-dimethylbenzaldehyde and acetanilide),
geometries were checked against those from MP2/6-31+G(2d,2p)
as well as from B3LYP/6-31+G(2d,2p) in acetonitrile with the
COSMO polarizable continuum solvent model;20-22 differences
to B3LYP/6-31+G(2d,2p) results in the gas-phase were not
found. Frequency calculations for the fully optimized structures
returned real frequencies only. Total energies and zero-point
vibrational energy corrections are reported in Table 1. The partial
optimizations refer to relaxed scans, and only the torsion angle
of interest was frozen. Shielding tensors were obtained with

the OPBE functional (Cohen and Handy’s OPTX23 combined
with the Perdew-Burke-Ernzerhof PBE24 functional) and the
6-311++G(2df,pd) basis set, as OPBE has been shown to give
a superior performance for magnetic shieldings and chemical

CHART 2: Representation of the Geometry-Optimized
Molecular Species 1-5 and Their Methyl (Me) and
tert-Butyl (Bu) Substituted Derivativesa

a Color code: C, light blue; H, white; N, dark blue; O, red; S, yellow.

TABLE 1: Total energya [Etot, au] and Zero-Point
Vibrational Energy Correctiona [ZPVE, au], Torsion Anglea

[�, deg], Charge on Oxygen [q, au], Oxygen Isotropic
Shieldingb [σiso, ppm], and Experimental 17O Chemical Shift
[δ, ppm] for Aromatic Aldehydes, Nitro Compounds,
Isocyanates, Acetanilides, and N-Sulfinylanilines

Etot ZPVE � q σiso δ

1 -345.608 151 0.109 611 0 -0.539 -282 564c,d

1-Me -424.244 753 0.164 956 0 -0.550 -316 585c,d,e

2 -436.793 347 0.103 031 0 -0.378 -260 575d,f

2-Me -515.430 220 0.158 052 56 -0.365 -319 629d,f

2-Bu -751.309 819 0.327 673 76 -0.362 -348 657d,f,g

3 -399.769 703 0.103 642 0 -0.498 163 111d,h

3-Me -478.413 434 0.158 699 0 -0.511 177 101d,h

3-Bu -714.295 492 0.327 758 90 -0.527 186
99d,h,i

-714.295 484 0.327 894 0 -0.530 184
4 -440.312 265 0.154 873 0 -0.621 -82 355d,j

4-Me -518.950 627 0.209 704 65 -0.623 -70 343d,j

5 -759.811 607 0.099 732 0 -0.891 -176 406k,l

5-Me -838.449 922 0.154 648 50 -0.885 -183 418k,l

5-Bu -1074.325 115 0.323 517 92 -0.868 -205 427k,l,g

a From B3LYP/6-31+G(2d,2p). b From OPBE/6-311++G(2df,pd).
c From ref 4. d In acetonitrile at 75 °C, referenced to external water.
e For the 2,4,6-trimethyl species. f From ref 5. g For the 2,4,6-tri-
tert-butyl species. h From ref 2. i For the 2,6-diisopropyl species.
j From ref 3. k From ref 8. l In chloroform, referenced to external
water.
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shifts compared to other popular density functional methods.25

We employed the gauge including atomic orbitals (GIAO)
method26-28 and report the isotropic shieldings σiso as opposed
to chemical shifts δ, mainly to avoid the issues associated with
determining a water-reference shielding.29 Note that because δ
and σiso are related through σiso

ref of the reference as δ ) σiso
ref

- σiso, “deshielding” for δ indicates larger positive numbers
while σiso values decrease and usually become more negative.
To uncover the orbital contributions to the isotropic shieldings,
we performed natural chemical shielding (NCS) analyses.30

These and charges were determined with the natural bond orbital
(NBO) method31 as implemented in Gaussian 03. Selected wave
functions, from B3LYP/6-31+G(2d,2p), were obtained, and
topological analyses of the electron densities were carried out
within the framework of the quantum theory of atoms in
molecules (QTAIM),32 using the program AIM2000.33 Molec-
ular orbitals were obtained from B3LYP/6-31+G(2d,2p) and
plotted from Molekel.34,35

3. Results and Discussion

Substituted Aromatic Systems. The molecules studied are
shown in Chart 2. Only the lowest energy conformer or
configuration was considered. Substituted derivatives are des-
ignated only with respect to the type of substituent; thus, 2,6-
dimethylbenzaldehyde is given as 1-Me. Obviously, compounds
such as benzaldehyde and nitrobenzene have received great
attention in the past, and therefore, the available literature (e.g.,
on their geometry) is vast. Here, we are focusing entirely on
the torsion angle; other references are not included. In the
following, the functional groups are discussed separately with
respect to geometries, shieldings, and orbital contributions to
the shieldings.

Aldehydes. Geometry. The torsion angles are reported in
Table 1. The unsubstituted Ph-CHO (1) is planar, in accord
with gas-phase electron diffraction36 and early microwave37

results and even with X-ray data in cocrystals, where 1 is found
to be mostly planar with packing-induced twists of less than
5°.38 In contrast to this consensus, 2,6-dimethyl Ph-CHO (1-
Me) is also calculated to possess a planar global minimum,
whereas experimental torsion angles differ. Thus, 1-Me is
reported twisted by 28°, as determined from the absorption
intensity of its K-band in a UV spectroscopic study,39 the closely
related 2,4,6-trimethylbenzaldehyde was deduced to have a 33°
twist by 17O NMR spectroscopy,4 yet the latter was determined
to be planar by molecular mechanics calculations4 and also
shows a twist of only about 7° in a cocrystal (X-ray data)40 and
could thus be considered planar. We therefore validated our
result for 1-Me against the minimum geometries obtained from
calculations using MP2 and B3LYP in solvent (acetonitrile,
COSMO solvent field), but both approaches also returned planar
1-Me. With respect to 1, 1-Me exhibits a shorter C-C (148.0
pm in 1, 147.9 pm in 1-Me) and a longer CdO (121.3 pm in
1, 121.7 pm in 1-Me) bond, neither of which support the
notion of decreased delocalization7 or increased double bond
character of CdO. Finally and in line with the above, the
calculated NBO charge on oxygen in 1-Me is more negative
than that in 1 (Table 1).

Shielding. The isotropic shieldings σiso for oxygen in 1 and
1-Me are given in Table 1 together with the available experi-
mental chemical shifts δ. Because our aim is to reproduce small
differences in δ upon substitution, the chemical shifts listed in
Table 1 are taken from an investigation of a series of similar
compounds; reported values for 17O in 1 of 562 (in dioxane)
and 568 (neat) ppm41 at 303 K or 562 (in acetonitrile) and 574

(in CCl4) ppm42 at 40 °C are not included in Table 1 because
data for 1-Me were not available from the same study. The
experimentally found downfield shift of 21 ppm in 1-Me, which
is based on δ for 2,4,6-trimethylbenzaldehyde,4 with respect to
1 is reproduced well, with a calculated deshielding of 34 ppm
(σiso(1) - σiso(1-Me)). The shift of 21 ppm had been attributed
to a twist of 33° upon ortho substitution, based on a δ–torsion
angle relationship for aryl ketones.4 Yet from the data in Table
1, it follows that the correct deshielding is calculated even in
the absence of a twist between aromatic and CHO moieties,
which illustrates the electronic effect of the methyl group and
the fact that it should not be neglected.

Orbital Contribution. Table 2 gives the important orbital
contributions to σiso of oxygen in 1 and 1-Me. Initially,
contributions were considered important if they were larger than
10 ppm, and deshielding contributions only are listed. Smaller
values and shielding contributions were considered where
needed for the interpretation. As found before for oxygen in
formaldehyde,30 the largest deshielding contribution stems from
the π-type electron lone pair on oxygen, nO-π. The difference
in the total sums for 1 and 1-Me from Table 2, -40 ppm,
corresponds well to the calculated deshielding of -34 ppm from
Table 1, and the observed effect is therefore captured by the
deshielding contributions alone, if somewhat overestimated.
There are numerous small changes for other orbital contributions
to σiso between 1 and 1-Me, the largest being for πCdO (listed
in parentheses), which is not included in the total because it
does not change the above conclusion. While all orbital
contributions listed in Table 1 change upon substitution, it is
clear that the main reason for the observed deshielding of 17O
in 1-Me (calculated as well as experimental) lies in the increased
contribution from nO-π. This, in turn, is a consequence of the
smaller energy gap between the mixing orbitals, HOMO (nO-
π) and LUMO (π*CdO), in 1-Me. Because of methyl substitu-
tion, the HOMO in 1-Me is destabilized, which decreases the
gap from 5.15 eV in 1 to 4.92 eV in 1-Me, resulting in a stronger
nO-π contribution to the deshielding. The trend does not change
if the calculated electron affinity (EA) is used instead of the
(questionable) LUMO energy,43 and it even becomes more
pronounced because the EA is calculated to be the same for 1
and 1-Me (0.22 eV), but the HOMO in 1-Me is destabilized by
about 0.3 eV.

Nitro Compounds. Geometry. The unsubstituted Ph-NO2

(2) is planar (Table 1), as was found in a microwave44 and the
latest electron diffraction study,45 even though earlier electron

TABLE 2: Important Orbital Contributions [ppm] to the
Oxygen Isotropic Shielding in Aromatic Aldehydes, Nitro
Compounds, and N-Sulfinylanilinesa

1 1-Me 2 2-Me 2-Bu 5 5-Me 5-Bu

σX-O -156 -122 -185 -6b -136b -237 -234 -267
πX)O (18)c (36)c 72d 161b,d -67b,d 36e 26e 68e

nO-σ -100 -83 118 -129 53 -71 -9 25
nO-π -303 -374 -493 -609b -464b -149 -182 -238
σOC-H -8 -28
πCdC -38b -8b -5b 20 -1 -6
nS -20 -24 -19
nN -21 -40 -40
total -567 -607 -526 -591 -619 -442 -464 -471

a From OPBE/6-311++G(2df,pd). b Averaged value for the two
oxygen atoms. c Not included in the total. d Summed from a πNO2

(17% N, 71% O1, 12% O2, calculated as an nO-π; the “true” nO-π
has 94% oxygen character) and a πNdO with 41% N, 59% O
character. e This orbital is described as nO-π with 79% oxygen
character, while the “true” nO-π has 92% oxygen character.
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diffraction studies had reported nonplanar minimum geo-
metries.46,47 Nitrobenzene (2) is also reported planar in the
crystal from X-ray diffraction studies, with a twist of less than
4°,48,49 and from earlier HF calculations.46 The calculated torsion
angle for 2,6-dimethyl Ph-NO2 (2-Me) of 56° agrees well with
the 66° found for the related 2,4,6-trimethylnitrobenzene in the
crystal structure.50 Not surprisingly, we find 2,6-di-tert-butyl
Ph-NO2 (2-Bu) to be twisted even more, but the torsion angle
does not reach 90°. For the nitro series, the calculated changes
in bond length are in accord with the suggested decrease in
delocalization and increase in double bond character,1,2,5 as the
C-N distance increases from 147.3 (2) to 147.5 (2-Me) to 148.2
(2-Bu) pm and the NdO distance decreases from 122.6 (2) to
122.5 (2-Me) to 122.4 (2-Bu) pm. In accord with this, as had
been suggested,1 there is a loss in negative charge on oxygen
(Table 1), a trend opposite to that found in the aldehyde series
above.

Shielding. The oxygen isotropic shieldings and available
chemical shifts for 2, 2-Me, and 2-Bu are given in Table 1.
The consecutive downfield shifts in δ upon substitution are
reproduced well by the calculations. For an experimental
deshielding of 54 ppm from 2 to 2-Me, we calculate a
deshielding of 59 ppm, and the overall shift of 82 ppm is
calculated to be 88 ppm. The 2,4,6-tri-tert-butylnitrobenzene
used in the experiment5 is therefore adequately represented in
the calculations by 2-Bu. A δ–torsion angle (determined by
X-ray diffraction) relationship was established from seven
compounds, among those 2 and 2,4,6-trimethylnitrobenzene, but
the large 17O chemical shift of 2,4,6-tri-tert-butylnitrobenzene
(657 ppm) was unexpected and did not fit the δ–torsion angle
relationship5 because the 90° cutoff was already reached by
9-nitroanthracene with a torsion angle of 85° and a δ of only
637 ppm.1 A data point corresponding to 657 ppm was
impossible to accommodate, and possible reasons given included
alteration of the solvent structure around the nitro group by the
tert-butyl substituents and distortion of the benzene ring from
planarity as a result of steric crowding.1 The latter can be
discarded because we calculate a maximum deviation of 2° from
planarity for any atoms lying in the aromatic plane. And the
former can also be excluded because the correct downfield shift
for 2-Bu is calculated already in the gas phase. In light of our
results discussed above, namely, that 1-Me already shows a
downfield shift without an accompanying twist, it seems much
more reasonable that a simple, linear δ–torsion angle relationship
as was suggested1,5 does not exist but that electronic effects
simply cannot be neglected.

Orbital Contribution. The important orbital contributions to
σiso are given in Table 2. Even though there are C-H · · ·O
interactions in 2-Bu with methyl hydrogen atoms (one each for
each oxygen atom; see Chart 3), there is no significant (-0.4
ppm) σC-H contribution to σiso; the C-H · · ·N interactions
contribute somewhat more (-4.5 ppm). In contrast to the
discussion for the aldehydes above, the total orbital contributions
calculated from the deshielding values alone are not a good
representation of the observed deshielding within the series, as
the smallest such total is summed for 2-Bu. It is obvious that
the total for these orbital contributions has to be “corrected”
by shielding contributions, which has been done for the totals
given in Table 2. The differences in these totals of -65 and
-93 ppm for 2-Me and 2-Bu, respectively, from that of 2 agree
well with the calculated changes in σiso of -59 and -88 ppm,
respectively, which is an indication that all important orbital
contributions have been considered. Unfortunately, an inspection
of the change in a specific orbital contribution for the nitro series

shows that any interpretation as to the source is probably
hopeless. The only straightforward change is observed for the
πCdC contribution, and it is as expected.

Isocyanates. Geometry. Data on the geometries of aromatic
isocyanates are scarce, but in accord with a microwave study,51

Ph-NCO (3) is calculated to be planar (Table 1). In fact, so
are 2,6-dimethyl Ph-NCO (3-Me) and even 2,6-di-tert-butyl
Ph-NCO (3-Bu) (conformer not shown in Chart 2). For 3-Bu,
though, there is also a perpendicular conformer of about equal
energy (Table 1 and Chart 2). Similar to the change in charge
in the aldehyde series, the negative charge on oxygen increases
in the isocyanate series (Table 1).

Shielding. The oxygen isotropic shieldings for 3, 3-Me, and
3-Bu (both planar and twisted) are given in Table 1 together
with the available experimental chemical shifts. In contrast to
17O in the aldehydes and nitro compounds discussed above, in
the isocyanates it is shielded upon ortho substitution of the
aromatic ring. The experimental upfield shift from 3 to 3-Me
is 10 ppm,2 compared to 14 ppm calculated. The overall
shielding of 12 ppm for 17O in 3 to that in 2,6-diisopropylphenyl
isocyanate is in reasonable agreement with the calculated value
of 21 ppm, if the planar 3-Bu is considered. It is a reasonable
assumption that 2,6-diisopropylphenyl isocyanate with its
smaller isopropyl groups is planar, but in any case the shielding
to the twisted 3-Bu is close with 23 ppm. Just as in the aromatic
aldehydes above, the 21 ppm shielding in the planar series is
thus achieved through substitution alone, not through a twist,
and especially the difference in σiso for 3-Me and 3-Bu shows
that it is not necessarily reasonable to assume that the electronic
effect of methyl and tert-butyl groups on the isotropic shielding
of the oxygen nucleus is comparable in these aromatic systems.

The observed shielding upon substitution was tentatively
explained through “attractive van der Waals interactions between
the proximate groups”.2 This can be ruled out, though, because

CHART 3: Network of Bonding Interactions in 2-Bu,
3-Bu (Twisted), 4, 4-Me, 5, 5-Me, and 5-Bua

a The small red spheres and their associated lines identify bonding
interactions between atoms. Color code of the large spheres: C, black;
H, white; N, blue; O, red; S, yellow.
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topological analyses of the electron densities of both the planar
and the twisted 3-Bu only reveal bonding interactions between
hydrogen atoms on the methyl groups and the nitrogen atom of
the NCO group (C-H · · ·N, Chart 3). It is not easy to see how
these weak interactions two bonds from the NCO oxygen atom
should influence its isotropic shielding to such a large amount.
In addition, the shielding is already observed with the much
smaller methyl groups, which do not show any interactions with
the NCO moiety.

Orbital Contribution. It was noted early that the 17O signal
of isocyanates appears at a much higher field than those of other
terminal oxygen systems, and this was attributed to a greater
single bond character of the CdO bond.2 The small δ is now
better understood in terms of the 17O shielding tensor in that
the tensor component along the linear NCO array (σ|) is not
deshielding, and isocyanates in this respect behave like linear
molecules.52 It is a consequence of the magnetically inactive
mixing of nO-π and π*CdO, even though the two π* orbitals
with oxygen coefficients are not strictly degenerate. In accord
with this, the calculated orbital contribution for nO-π is shielding
and therefore missing from Table 3. As a consequence, the total
summed deshielding contributions are less than those for
aldehydes and nitro compounds (Table 2). The overall shielding
(in σiso and δ) found in the isocyanate series upon substitution
is reproduced well from the deshielding orbital contributions
only when πCdO is included, which switches from deshielding
in 3 to shielding in 3-Me and 3-Bu. The shielding effect is
overestimated from the totals in Table 3, which suggests again
that other orbital contributions should not be neglected.

Again, and similar to the nitro series, the reason for the overall
shielding is not as obvious as in the benzaldehyde series, as
the changes to σiso are not monotonic across the three isocyanates
for a specific orbital contribution. As a final note, the weak
C-H · · ·N interactions in 3-Bu, as expected, do not contribute
to σiso of the oxygen atom; only one such contribution with a
value of -0.3 ppm is found in the twisted 3-Bu.

Acetanilides. Geometry. While acetanilide (Ph-NHCOCH3,
4) is found to be twisted up to 20° in the crystal by X-ray 6,53

and neutron diffraction,54 it is determined to be planar in the
gas-phase from electronic55 and microwave56 spectra. In accord
with the experimental gas-phase structures and in contrast to
an early molecular mechanics calculation,3 4 has been calculated
to be planar using B3LYP and MP2 with the 6-31G(d) basis

set56 and CASSCF/cc-pVDZ57 (even though the higher-energy
rotamer for the methyl group was identified as the global
minimum) and with B3LYP/6-31G(d,p).58 The finding of a
planar minimum structure for 4 does not change with the larger
basis set employed here (Table 1) or with MP2/6-31+G(2d,2p)
and B3LYP in solvent (acetonitrile, COSMO solvent field). For
4-Me, we calculate a twist of 65° (Table 1), in good agreement
with the torsion angles of 63° from X-ray diffraction59 and 58°
from molecular mechanics calculations.3 In contrast to the
suggested increased importance of the resonance structure that
does not involve the ring (Chart 1) upon twisting,3 we do not
calculate a lengthening of the CdO bond for 4-Me. In support
of this structure, we calculate a slight increase in negative charge
(Table 1), even though the change is minimal compared to that
found for the aldehydes, nitro compounds, and isocyanates
above.

Shielding. The isotropic shieldings and chemical shifts for
oxygen in 4 and 4-Me are given in Table 1. There is a perfect
agreement between experimental and calculated shielding effects
(12 ppm) upon substitution. The size of the shielding effect is
comparable to that found in the aromatic isocyanates, but while
it occurs between the planar 3 and 3-Me, in 4 and 4-Me it is
accompanied by a twist.

Orbital Contribution. The important orbital contributions to
σiso of 4 and 4-Me are given in Table 3. There is no significant
contribution (-1.6 ppm) from the ortho C-H bond that has
been suggested to be involved in an intramolecular C-H · · ·O
interaction,54 even though a topological analysis of the electron
density confirms this weak interaction (Chart 3, density is 0.119
e/Å3). Similarly, the contribution from the methyl C-H bond
involved in a weak interaction in 4-Me (Chart 3) is small (-0.7
ppm).

The sum of the deshielding contributions (Table 3) fails to
capture the observed shielding effect on going from 4 to 4-Me,
but the overall shielding can be reproduced with the inclusion
of the nN contribution, which becomes much more shielding
for the oxygen nucleus in 4-Me (Table 3). Upon twisting (by
65°), the interaction of the nitrogen lone pair with the π-system
of the aromatic ring is lost to a large degree, and nN becomes
more available for the amide resonance. This agrees with the
smaller δ for 17O found in nonconjugated, aliphatic amides.3

The increased shielding of oxygen from nN is accompanied by
a particularly large increase in shielding from nO-π. This orbital
contribution is the main reason for the observed shielding
(calculated and experimental) of 17O in 4-Me, and it should
again be a consequence of the change in energies of the
molecular orbitals involved. This is confirmed from the raw
orbital energies. In 4, the HOMO-2 (nO-π)/LUMO (π*CdO)
gap is 6.48 eV, which increases to 6.57 eV in 4-Me mainly
because of the destabilization of the LUMO in 4-Me. On the
other hand, the calculated electron affinities for 4 and 4-Me
are almost identical (-0.75 and -0.76 eV, respectively), which
leads to a slightly smaller energy gap in 4-Me because
HOMO-2 is less stable by 0.1 eV than in 4.

N-Sulfinylanilines. Geometry. In accord with UV,60 NMR,61

microwave,62 and X-ray diffraction63 data, as well as with
previous calculations using HF, B3LYP, B3PW91, and MP2
methods with various basis sets,63-65 Ph-NSO (5) is calculated
to be planar (Table 1). There is an increasing twist with methyl
and tert-butyl substitution, and the calculated torsion angles are
in accord with those determined from crystal structures for 2,6-
diethyl-N-sulfinylaniline (55°)63 and 2,4,6-tri-tert-butyl-N-sulfi-
nylaniline (92°),66 respectively. The change in charge on oxygen

TABLE 3: Important Orbital Contributions [ppm] to the
Oxygen Isotropic Shielding in Aromatic Isocyanates and
Anilidesa

3-Bu

3 3-Me twisted planar 4 4-Me

σC-O -51 -79 8 -2 -38 -45
πCdO -12b 40b 28b 30b -12 -72
σN-C

c -14 -9 -16 -14
nO-σ -85 -79 -112 -111 -106 -126
nO-π -190 -108
σC-C

d -17 -16
σC-H

e -10 -10
nN 1 30
total -162 -127 -92 -97 -372 -347

a From OPBE/6-311++G(2df,pd). b This orbital is πCdO-type for
3 with 73% oxygen character; it is described as nO-π for 3-Me
(78% on oxygen) and for the twisted 3-Bu (80%), where the “true”
nO-π has 81% and 82% oxygen character, respectively. The two
nO-π orbitals have the same contribution and oxygen character in
the planar 3-Bu. c For NdC. d From the carbonyl group, OC-CH3.
e From a methyl C-H bond.
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is similar to that found in the nitro series in that there is a loss
of negative charge.

Shielding. The oxygen isotropic shieldings and available
chemical shifts for 5, 5-Me, and 5-Bu are given in Table 1.
Again, values reported for incomplete series, such as 417 ppm
for 5 in CCl4 at 35 °C with dioxane as external reference,67

were ignored, and the calculated σiso values certainly support
this decision. Similar to the change upon methyl substitution
in the aldehyde and nitro series, there is a downfield shift of
the oxygen signal, but the change from 5 to 5-Me is smaller
(Table 1). The overall change in σiso of 29 ppm agrees well
with the change in δ of 21 ppm, suggesting that 5-Bu is a proper
model for 2,4,6-tri-tert-butyl-N-sulfinylaniline, which was used
in the experimental work.8

Orbital Contribution. The important orbital contributions to
σiso are given in Table 2. Chart 3 shows that all three
N-sulfinylanilines exhibit weak interactions from C-H bonds
to atoms of the NSO group; that in 5 has been reported before.65

For 5-Bu, these are in accord with two short intramolecular
C-H · · ·S distances in 2,4,6-tri-tert-butyl-N-sulfinylaniline re-
ported from a crystal structure analysis.66 For all three com-
pounds, these C-H bonds contribute only small deshielding
amounts to σiso (-1.7 ppm in 5, -2.1 ppm in 5-Me, -2.8 ppm
each in 5-Bu). In contrast to aromatic aldehydes, nitro com-
pounds, and even 4, where the nO-π contribution dominates σiso,
for the N-sulfinylanilines it is the σS-O contribution.

To reproduce the deshielding trend observed in σiso and δ,
the shielding from πSdO and the varying contribution from πCdC

have to be considered (Table 2). The largest change in orbital
contribution upon substitution is calculated for nO-π, as was
found above for the aromatic aldehydes, and this is the main
reason for the observed deshielding in 5-Me and 5-Bu. In 5,
nO-π is HOMO-2; higher-lying occupied orbitals do not have
such a coefficient on oxygen. And while in 5-Bu nO-π is
HOMO-3, the HOMO has a coefficient on oxygen that
resembles that in nO-π. The energy gap for an “nO-π”/π*CdO

mixing therefore decreases from 5.10 eV in 5 to 3.56 eV in
5-Bu. For 5-Me, σ/π-separation for the orbitals is lost because
of the 50° twist, and the distorted “π-type” HOMO has enough
σ-character on oxygen to allow for a magnetically active mixing
with the LUMO, as can be seen from the slightly different
orientations of the coefficients on oxygen in HOMO and LUMO.

The relevant “nO-π” orbitals discussed here are depicted in Chart
4 along with the respective LUMO.

Relaxed Torsional Scans. While the experimentally observed
changes in δ upon substitution can be reproduced well com-
putationally, it is possible to distill two main points for further
consideration from the above. First, the observed changes in δ
are not always due to conformational changes. And second, it
is not always possible to determine which orbital contribution
causes the observed shielding or deshielding. Presumably, this
last fact is due to the perturbing introduction of substituents.
We therefore performed relaxed torsional scans for the parent
compounds and determined the changes in σiso and charge of
oxygen as well as the change in σ of the orbital contributions,
which are discussed separately below.

The energy profiles for rotation of the substituent against the
phenyl ring in 1-5 are given in Figure 1. The energies obtained
for the 90° species are identical to those obtained for the
transition states for the torsions. They agree reasonably well
with the upper values for experimental barriers to torsion for 1
(summarized in ref 68) and 2 (summarized in ref 69) and with
values given for 370 and 5.62 A closer comparison with
experiment will not be drawn here, as experimental ranges for
the barriers are typically large for these compounds, strongly
depend on the method and phase used and because this is not
the focus of the present paper. Similarly, it is not the aim of
this paper to summarize the work that has been performed
computationally on torsional barriers and their origins either
(see, for example, the recent work on 2).69

Change in Isotropic Shielding and Charge on Oxygen.
Figure 2 shows the torsional dependence of the isotropic
shielding of oxygen in 1-5, with some expected and some
surprising outcomes. For Ph-CHO (1) and Ph-NO2 (2) (parts
a and b of Figure 2), the experimentally observed deshielding
with substitution is also found upon torsion, and this is also
true for the shielding observed in Ph-NCO (3) and in
Ph-NHCOCH3 (4) (parts c and d of Figure 2). In other words,
in the benzaldehyde system, the deshielding found upon
substitution of 1, i.e., for the planar 1-Me, is also achieved upon
a twist of 1, but in 1-Me it is not the result of a twist. The same
holds for the shielding in the phenyl isocyanate system (the 3
series). For 4, σiso does not change beyond 60°. This is not a
problem associated with the amide functionality, though, because
there is a monotonic change in σiso from -107 to -73 ppm for
the higher-energy syn conformer of 4 (with an HNCO dihedral
of 0°; plot not shown).

The unusual trend in 4 is in fact enhanced in 5 (Figure 2e) in
that shielding is observed only up to 45°, with a similar amount
of deshielding up to 90°. The consequence is a torsional profile
for 5 with four shielding maxima through 360°, while 1-4 only

CHART 4: Selected Molecular Orbitals of
N-Sulfinylanilines

Figure 1. Relative energy as a function of the torsion angle: (])
Ph-CHO (1); (4) Ph-NO2 (2); (+) Ph-NCO (3); (0) Ph-NHCOCH3

(4); (×) Ph-NSO (5).
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possess two maxima in σiso. This behavior for 5 is not found
upon substitution, again demonstrating the electronic effect of
the methyl and tert-butyl substituents.

The dependence of the NBO charge on the torsion angle is
given in Figure 2 with the secondary axis; the trends for charges
in 1, 2, 3, and 5 upon twisting obtained with QTAIM (not
shown) are identical, but changes are smaller. For 4, where the
change in NBO charge is already small (Figure 2d), the negative
QTAIM charge increases monotonically, but in either case the
changes in charge are so small that a discussion of the dif-
ferences might not be meaningful. Only for Ph-NO2 (2),
Ph-NCO (3), and Ph-NSO (5) does the change in charge on
oxygen upon torsion agree with the trend upon substitution.

Upon torsion, the negative charge decreases in 1, 2, 4 (up to
60°), and 5; it increases in 3. For the unsubstituted 1, 2, and 4,
the direction of the change is thus as anticipated from resonance
arguments as given in Chart 1 and in the literature.1,3 That the
change in 5 is similar in kind suggests a planar resonance
structure that also involves the aromatic ring (Chart 5). Finally,
such a resonance structure can also explain the negative charge
increase found upon twisting of 3 (Chart 5).

As is evident from Figure 2, all changes in charge between
planar and perpendicular species are small, as was found for
the change upon substitution, and for 2, it has been concluded
that a conformational change from planar to perpendicular does
not lead to a change in (Mulliken) charge.46 But while small,
these changes are important, as seems to be suggested in Figure
2 from their relation with the isotropic shielding of oxygen, a
sensitive probe.

Change in Orbital Contribution to the Isotropic Shielding
of Oxygen. It is obvious from Figure 2e that the relationship
between σiso and the charge upon torsion breaks down in 5; it
already did not hold for substitution in 1 and 4. Rather, as can
be expected from the data in Tables 2 and 3 and their discussion,
orbital interactions should be considered, as the important
molecular orbitals are easily perturbed by changes in molecular
structure, and torsion can be such a change.

The changes in the orbital contributions to σiso upon torsion
of 1-5 are shown in Figure 3. For 1 (Figure 3a), the major
change in the region 0-75° lies in the nO-π contribution (×),
which was also identified as the orbital responsible for the
deshielding upon substitution. The dependence of the orbital
energies of the three highest occupied orbitals is given in Figure
4a. It is interesting that the HOMO (nO-π) energy is essentially
constant during the twist, but HOMO-2, which is π-type in
the planar 1 and becomes an additional nO-π (bonding interac-
tions with coefficients on the ring; the HOMO nO-π shows
antibonding interactions) during the twist, is destabilized, thus
giving rise to the observed deshielding. This is fundamentally
different from the destabilization of the HOMO determined upon
substitution in 1-Me. For 4 (Figure 3d) as well, the major change
in the region 0-60° is found for the contribution from nO-π,
and this was the orbital identified as the cause of the shielding
upon substitution. The nO-π/π*CdO mixing changes from
HOMO-2/LUMO in the planar 4 to HOMO/LUMO+4 in the
perpendicular 4, with the HOMO being stabilized during the
twist (Figure 4b). Overall, therefore, the deshielding from the
nO-π contribution decreases.

For 2 and 3, the change in orbital contribution upon
substitution was complex, and a specific orbital could not be
identified as being responsible for the observed changes. In the
torsional analyses, for 2 (Figure 3b), it is the nO-σ contribution
(4) that shows the largest overall change. The energetically low-
lying nO-σ expectedly does not have a deshielding contribution
in the planar 2, even though the nO-σ/π*NdO mixing is in

Figure 2. Isotropic shielding (σiso, ]) and charge (q, ×) of oxygen as
a function of the torsion angle: (a) Ph-CHO (1), (b) Ph-NO2 (2), (c)
Ph-NCO (3), (d) Ph-NHCOCH3 (4), and (e) Ph-NSO (5).

CHART 5: Resonance Structures in Ph-NCO (3) and
Ph-NSO (5) That Explain the Gain and Loss,
Respectively, in Negative Charge of Oxygen upon
Twisting
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principle magnetically active. The reason for its deshielding
contribution in the perpendicular 2 is similar to that discussed
for 5-Bu above (Chart 4), but the effect is more pronounced.
The HOMO of the perpendicular 2 possesses large coefficients
on oxygen in the NO2 plane, which can mix with π*NdO

(LUMO). This σ-component, which is not present in the HOMO
of the planar 2, becomes more important as the torsion angle
increases. For 3 (Figure 3c), it is the πCdO contribution (0) that
dominates the change in σiso. For this contribution to be
magnetically active, the in-plane πCdO has to mix with an
unoccupied orbital perpendicular to the NCO plane that has a

coefficient on oxygen. For the planar 3, this is the LUMO, but
for the twisted species, the LUMO oxygen coefficient is found
increasingly in the NCO plane, and the perpendicular 3 does
not possess a low-lying unoccupied orbital with the above
requirements. The torsional analyses in parts b and c of Figure
3 also provide an explanation of why the orbital contributions
for the substituted 2 and 3 were impossible to analyze (see
above). A change of substituent, with its particular electronic
and steric effects, can cause the stabilization or destabilization
of each of the important molecular orbitals, resulting in a more
or less important contribution to σiso and the nonuniform trends
seen in Tables 2 and 3.

Finally, for 5 (Figure 3e), the nO-π contribution (×) most
accurately reflects the change in σiso (Figure 2e). But the changes
from nO-π are in fact overridden by those from πSdO, and the
overall change in σiso, i.e., the shielding up to 45° and the
subsequent deshielding, is only reproduced when changes in
nO-π are augmented by those from nO-σ (∆) and nN (dotted
line). The importance of the nO-π contribution was already
apparent from Table 2, where it was overwhelming. For 5-Bu,
the deshielding observed was explained with an nO-π-type
contribution to the HOMO that was absent in 5 (Chart 4). The
same holds here. For the planar 5, nO-π is HOMO-2, but an
nO-π-type contribution grows in the HOMO during the twist,
notably from 60° on. Thus, while HOMO-2 is stabilized during
the twist (Figure 4c), leading to the gain in shielding of nO-π
up to 45°, the contribution from the HOMO becomes increas-
ingly important from 60° on, resulting in the loss in shielding.

4. Conclusions

We have presented calculations on the change in chemical
shielding of the terminal oxygen atoms in five different

Figure 3. Dependence of orbital contributions to σiso on the torsion
angle: (a) Ph-CHO (1), (b) Ph-NO2 (2), (c) Ph-NCO (3), (d)
Ph-NHCOCH3 (4), and (e) Ph-NSO (5); (]) σX-O, (0) πX)O, (4)
nO-σ, (×) nO-π, (/) πCdC, (O) σN-C of NdC; (- - -); nS, ( · · · ) nN.

Figure 4. Dependence of orbital energies on the torsion angle: HOMO
to HOMO-2 for (a) Ph-CHO (1), (b) Ph-NHCOCH3 (4), and (c)
Ph-NSO (5).
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functional groups. The changes were studied upon substitution
and torsion of aromatic aldehydes, nitro compounds, isocyanates,
amides (acetanilides), and sulfinylamines (N-sulfinylanilines).
The experimentally determined change in 17O chemical shift
upon substitution is accurately reproduced by the calculations,
both in direction and in magnitude.

The change in charge of oxygen is often given as a reason
for a change in chemical shift. The present study shows that
for the small selection of molecules, the direction of change in
σiso (deshielded or shielded) upon substitution is in general not
dependent on the change in charge on oxygen, but when a
torsion is forced without perturbing substituents on the aromatic
ring, the change in charge is as expected from resonance
arguments. Yet not a change in charge but changes in energies
and alignments of molecular orbitals govern σiso. And because
of this, the 17O chemical shift is in principle not a good indicator
for the size of torsion angles in substituted aromatic compounds
with terminal oxygen atoms, as is shown for benzaldehydes and
phenyl isocyanates. Even though the same shielding or deshield-
ing than through substitution is found upon a relaxed torsional
scan of the unsubstituted system (with the exception of
N-sulfinylaniline), the effect cannot be used to infer torsion upon
substitution. N-Sulfinylaniline, finally, shows a unique (for the
systems studied here) behavior of σiso upon torsion with a
maximum at 45°. This knowledge is expected to shed light onto
the changes in 17O chemical shift observed in our studies of
N-sulfinylanilines and their complexes.

The oxygen nucleus is a fantastic reporter for its environment.
Even here, for isolated molecules in the gas phase, free from
outside interactions, environmental influences are reported
according to changes in the mixing molecular orbitals. These
changes range from straightforward to very complex, depending
on the molecule, and to avoid misinterpretation of the experi-
mental findings from 17O NMR studies, it seems prudent to
conduct detailed computational analyses when dealing with
conformational effects that involve a terminal oxygen atom.
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(34) Portmann, S.; Lüthi, H. P. Chimia 2000, 54, 766.
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