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Recent advances in experimental solid-state nuclear magnetic
resonance (NMR) and computational chemistry have made it
possible to establish the correlation between second-rank NMR
tensors and molecular structure.1-5 Several studies have demon-
strated the influence of intermolecular interactions on chemical
shielding tensors for1H, 13C, and 15N nuclei.6-15 However,
relatively little is known about17O chemical shielding tensors,
despite the enormous importance of oxygen-containing functional
groups in chemistry and biology. In this contribution we report a
new experimental determination of the17O electric-field-gradient
(EFG) and chemical shielding (CS) tensors for an amide functional
group. We also demonstrate the importance of including inter-
molecular hydrogen-bonding (HB) interactions in quantum chemi-
cal calculations of17O EFG and CS tensors.

Figure 1 shows the17O magic-angle spinning (MAS) and
stationary NMR spectra of [17O]benzamide.16 From the analysis
of the 17O MAS spectrum, we obtained the following NMR
parameters:δiso ) 300.0 ( 0.5 ppm,ø ) e2QVzz/h ) 8.40 (
0.05 MHz, andηQ ) 0.37, whereVzz is the largest principal
component of the EFG tensor,|Vzz| > |Vyy| > |Vxx|, andηQ is the
asymmetry parameter defined asηQ ) (Vxx - Vyy)/Vzz. Following
the standard procedure,17 we were able to analyze the stationary
17O NMR spectra shown in Figure 1 and obtain the principal
components of the17O CS tensor:δ11 ) 500 ( 2, δ22 ) 400 (
2, andδ33 ) 0 ( 2 ppm,R ) 6 ( 4°, â ) 90 ( 1°, andγ ) 72
( 1°. These results indicate that the direction of the strongest

shielding,δ33, is approximately parallel toVxx, and that the angle
betweenδ11 andVzz is 72°. It is important to point out that one
must exercise caution in interpreting stationary17O NMR spectra
because, in many cases, multiple solutions may exist. This
ambiguity is easily removed by obtaining stationary17O NMR
spectra at multiple magnetic fields.

It is well-known that analysis of solid-state17O NMR spectra
yields only therelatiVe orientation between the EFG and CS
tensors. To determine tensor orientations in the molecular frame
of reference, we decided to perform quantum chemical calcula-
tions for the17O EFG and CS tensors in benzamide. Although
several groups have reported reasonably good agreement between
experimental and calculated17O isotropic chemical shifts,18-24
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Figure 1. Experimental (upper trace) and calculated (lower trace) solid-
state17O NMR spectra of [17O]benzamide: (A) MAS, 11.75 T, sample
spinning frequency) 15 kHz, (B) stationary, 11.75 T, and (C) stationary,
9.40 T.
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most authors did not comment on the accuracy of the calculated
principal components. In the present study, we used several
molecular cluster models in the calculations to evaluate the
influence of intermolecular HB interactions on17O NMR tensors.
The first cluster model is a linear dimer consisting of Mol1 and
Mol2 as defined in Figure 2A. The second cluster is a cyclic
dimer, Mol1 and Mol3. The third model is a trimer formed by
Mol1, Mol2, and Mol3. The experimental neutron diffraction
structure of benzamide25 was used in all the models.

The calculated17O NMR results26 are summarized in Table 1.
The value ofø(17O) shows a strong dependence on the HB
environment. In general, the presence of the CdO‚‚‚H-N
hydrogen bonds causes a reduction inø(17O). This is in qualitative
agreement with previous17O NQR studies.33 The strong HB

interactions also cause a more shielded environment at the amide
oxygen nucleus (i.e., a smaller isotropic17O chemical shift value).
The principal component corresponding to the least shielding,δ11,
exhibits a remarkable sensitivity (ca. 152 ppm) to the HB
interaction, whereas the change in the most shielded component,
δ33, is quite small, ca. 25 ppm. Since the changes inδ11 andδ33

are of the opposite signs, the span of the17O chemical shift tensor
exhibits a change of 177 ppm on going from the isolated molecule
to the trimer. The calculated orientations of the17O CS and EFG
tensors are depicted in Figure 2B. Interestingly, the calculations
indicate that the orientations of both the17O EFG and CS tensors
remain unchanged within 5° among the different models. This is
consistent with a previous theoretical study on the hydration of
glycylglycine.34 As also seen from Table 1, the calculated relative
orientation between the17O EFG and CS tensors is in excellent
agreement with that determined experimentally.

It should be emphasized that the absolute17O CS tensor
orientation depicted in Figure 2B is quite different from that
reported by Ando and co-workers for amide functional groups.35

In particular, based on solid-state17O NMR and finite perturbation
theory (FPT) MNDO-PM3 calculations, these authors concluded
thatδ11 of the17O CS tensor for an amide oxygen is perpendicular
to the CdO bond. However, for a carbonyl oxygen atom, the
dominant contribution to the paramagnetic shielding is expected
to be the nT π* mixing. Consequently, the direction along the
CdO bond should give rise to the least shielded environment at
the oxygen nucleus. For example, a single-crystal17O NMR study
by Haeberlen and co-workers36 showed thatδ11 of the 17O CS
tensor in benzophenone, Ph2CdO, is along the direction of the
CdO bond. The orientation of the17O CS tensor for benzamide
reported in this study is also in good agreement with the DFT
calculation for the complex ofN-methylacetamide with two water
molecules.3 We have also performed numerous17O chemical
shielding calculations on a number of model amides and dipep-
tides, and all the calculations predict17O CS tensor orientations
similar to that of benzamide. This orientation is further confirmed
by the results of a13C-17O dipolar-chemical shift NMR study
on [13C,17O]benzamide.37 All these studies support the tensor
orientation depicted in Figure 2B.

In summary, we have presented new experimental and theoreti-
cal results on the magnitude and orientation of the17O CS and
EFG tensors in benzamide. We have also demonstrated that it is
important to include a complete HB network in the quantum
chemical17O NMR calculations. The present study suggests that
17O is a remarkably sensitive nuclear probe to HB interactions,
and is therefore potentially useful for structural studies of proteins.
We are presently investigating the syntheses, solid-state17O NMR,
and quantum chemical calculations of model peptides.
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Figure 2. (A) Hydrogen-bonding environment in benzamide determined
by a neutron diffraction study.25 (B) Orientations of the17O EFG and CS
tensors in benzamide. Bothδ33 andVxx are perpendicular to the amide
plane.

Table 1. Calculated (B3LYP/D95**) and Experimental17O CS
and EFG Tensors of the Amide Oxygen in Crystalline Benzamidea,b

system δiso δ11 δ22 δ33

ø/
MHz ηQ

R/
deg

â/
deg

γ/
deg

isolated
molecule

379 674 487 -24 10.19 0.24 7.7 88.7 77.7

linear dimer 351 608 455-10 9.75 0.34 4.5 89.0 76.4
cyclic dimer 329 573 426-13 9.17 0.43 6.4 89.0 75.0
trimer 308 522 402 1 8.77 0.53 4.3 89.6 73.3

exptl 300.0 500 400 0 8.40 0.37 6 90 72

a All chemical shifts are in ppm and relative to liquid water. Errors
in the experimental principal components of the CS tensor are(2 ppm.
The computed absolute shielding values are converted to chemical shifts
using σ(17O, H2O, liquid, 300 K) ) 307.9 ppm.31 b The calculated
values ofVzzare converted toø usingø [MHz] ) 2.3496Q[fm2]Vzz[au],
whereQ ) -2.558 as recommended by Pyykko¨.32
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