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Abstract Work on computational NMR recently
carried out at our Laboratory in Padova is reviewed.
We summarize our results concerning the calculation of
NMR properties (chemical shifts and spin—spin coupling
constants) in a variety of contexts, from the structure
elucidation of complex organic molecules or molecules
containing heavy atoms to weakly interacting species,
such as those involved in hydrogen bonding or van der
Waals CH-mt interactions. We also present some orig-
inal results, viz. the calculated 'H and *C spectra of
the putative natural substance nimbosodione, the first
examples of calculated 81Ta chemical shifts, spin-spin
couplings in HgiJr and through-space coupling constants
involving 29571,

Keywords Density functional theory - Relativistic
calculations - NMR spectroscopy - Chemical shift -
Spin-spin coupling

1 Introduction

Nuclear magnetic resonance spectroscopy has rightly
acquired the status of an indispensable tool in all areas
of chemistry, and has become a discipline in its own
right. The prominent role of this technique stems from
the wealth of information that can be gleaned, which
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spans both structure and dynamics; indeed, NMR has
become a staple methodology for the determination of
the structure of organic and inorganic species. More-
over, its sensitivity to long-range environmental effects,
such as solvation and weak interactions at large, further
widens its scope of applicability (or, depending on the
viewpoint, complicates the interpretation of the data)
[1].

The basic pieces of information that one can get from
NMR spectroscopy are chemical shifts, coupling con-
stants and relaxation rates. Each quantity probes into
different physico-chemical phenomena (although the
boundaries are obviously blurred).

Thus, chemical shifts yield information on the chem-
ical environment of a given nucleus; as such, this is the
fundamental building block of any NMR investigation.
Spin-spin coupling, thanks to its well-known property
of rapidly vanishing with increasing number of covalent
bonds, provides through-bond connectivities and hence
the backbone of molecular structures. Traditionally a
staple technique of conformational analysis, the scope
of spin—spin coupling has been further enhanced by the
recognition that weak couplings can exist even in the
absence of “real” chemical bonding [1].

Relaxation rates simultaneously depend on (and
probe into) both structural and dynamical features. On
one hand, this constitutes a natural avenue for investi-
gating molecular dynamics; on the other hand it enforces
certain limitations on the extent of structural informa-
tion that can be obtained, for example in the case of
relaxation of quadrupolar nuclei. This is because solu-
tion dynamics depend to a large extent on collective
rather than molecular properties; thus, the relaxation
rate of quadrupolar nuclei depends on the combined
influence of the electric field gradient (a molecular
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property) and the correlation time of its fluctuations
(an essentially bulk property). The problems inherent
to this approach are reviewed in [2].

Since we are interested in the computational mod-
eling of NMR properties of molecules, in this article
we will not discuss relaxation rates despite the utmost
importance of associated effects like the NOE. As we
will shortly see, however, restricting the scope to “just”
chemical shifts and couplings brings in an incredible
quantity of information (and problems).

Even though we are still witnessing a steady advance-
ment in NMR techniques, the rich information provided
may not lead to an unambiguous solution of structural
problems. This holds both for organic (owing to their
extraordinary complexity) and inorganic molecules
(owing to the presence of little-studied nuclei). There is
indeed a large number of challenging problems where,
despite a “brute-force” approach, a structural elucida-
tion has proved difficult—viz. for example the recent
review by Nicolaou and Snyder on “Molecules That
Never Were” [3].

In the course of the last decade we have been deeply
involved in approaching the problem from the other
end—trying to predict NMR properties a priori rather
than striving to extract information from spectra. Itis the
purpose of this article to show the degree of accuracy
and understanding that can be achieved in a wide array
of chemical problems. Before going into the matter, we
will briefly recapitulate some fundamentals of the phys-
ical quantities that ultimately dictate the appearance of
an NMR spectrum.

The chemical shift (§) of a given nucleus in a molecule
is expressed by § = oy — 0, where o is the isotropic part
of the shielding tensor o of the molecule of interest and
of one conventionally taken as reference (e.g. TMS). In
turn, the shielding constant is the sum of at least two
contributions called the diamagnetic (o4) and paramag-
netic (o}, ) shieldings, so that 0 = o4 +o0p. Although these
two terms are sufficient for describing the shielding in
molecules where only light nuclei are present, heavy
atoms are substantially influenced by relativistic effects
and may even induce additional effects in light nuclei
bonded to them; whereby a third term, called spin—orbit
shielding, has to be added (0 = o4 + op + 0%0).

J-coupling is indirectly transmitted by bonding elec-
trons through a variety of interactions: Fermi Contact
(FC), often the largest contribution, diamagnetic spin—
orbit (DSO), paramagnetic spin—orbit (PSO) and spin-
dipole (SD), so that in general J = JFC 4 JPSO 4 jPSO 1.
JSD.

Modern quantum chemistry methods, and especially
density-functional theory, have enabled the computa-
tion of the relevant quantities with considerable
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accuracy [4,5]. Indeed, the last decade has seen the
progress in the calculation of NMR properties from a
very specialized technique into something close to just
another computational tool for structure elucidation.
Thus, in parallel with its remarkable success, the rele-
vant routines have been incorporated into most popular
quantum-chemistry packages and made available to the
wide community of chemists and NMR spectroscopists.

Our own interest in these methodologies arose from
our long-standing involvement in the NMR of heter-
onuclei. A major difficulty inherent to this area of NMR
stems from the fact that for nuclei other than 'H, 13C
and few others the knowledge base is very limited. Fur-
thermore, chemical shifts of many heteronuclei span
thousands of parts per million and respond to struc-
tural changes in an unpredictable or counterintuitive
manner, as we have shown for the changes induced by
proton transfer in amide compounds [2]. The invaluable
help we received from the computational approach led
us to believe that the scope could be made substantially
broader.

In this connection, a thought arises naturally: is it
possible to completely predict an NMR spectrum in the
same way that, for example, a structure is predicted for
an elusive molecular species? Little reflection is needed
to appreciate that, in order to do this, one should “just”
be able to calculate the shieldings and couplings for all
nuclei of interest—which of course raises the further
question, whether current theoretical methods are up
to the expectations. If we imagine that this is the case
we could work backwards, from molecular structure to
NMR spectrum rather than vice versa as is normally
done. In other words, one could start from one or few
molecular structures viable for the problem at hand,
compute NMR spectra for each and compare the cal-
culated spectra with the experimental one, as sketched
in Scheme 1. This amounts to effectively reverse the
information flow of NMR.

With this aim in mind, since the very beginning we
strived to approach the problem in a comprehensive
way, i.e. simultaneously calculating both chemical shifts
and coupling constants. (While this idea seems straight-
forward now, it must be remarked that the calculation of
coupling constants has always been comparatively less
advanced, so at that time only chemical shift calculations
were in fairly common use.)

This paper will then present various areas of appli-
cation where we have found the calculation of NMR
properties as useful and stimulating methodology. As
we will see, the scope embraces straightforward applica-
tions, such as structure elucidation and conformational
analysis, as well as less obvious ones like the study of
weak interactions.
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Fig. 1 Experimental (bottom) and calculated (top) (B3LYP/cc-
pVTZ//6-31G(d,p)) 'H spectrum of naphthalene. Reproduced
with permission from Ref. [6]. © 2001 Wiley-VCH

2 Predicting the NMR spectra of organic molecules

The first implementation concerned the 'H NMR
spectra of simple organic molecules [6]. After extensive
testing, we proposed the use of the popular B3LYP func-
tional for geometry optimization (with the 6-31G(d,p)
basis) and for NMR calculations (with the cc-pVTZ
basis), although other functionals performed similarly.
In these early stages, the study was restricted to con-
formationally rigid, non-polar molecules to avoid fur-
ther complications.

Sexp('"C) / ppm

Fig. 2 Experimental and calculated 13C chemical shifts. Circles
denote data points for halogen-bound carbons. Fit parameters of
Scale = @bexp + b (excluding the outliers): a = 0.874,b = 11.2 ppm,
r? = 0.997. Data from Ref. [7]

By examining a fairly wide sample of organic func-
tionalities, the following major points emerged. (a) DFT
calculations can predict most features of typical 1D
NMR spectra with outstanding accuracy. (b) The cal-
culation of proton couplings is simplified because the
DSO and PSO terms, although they are comparable in
magnitude to FC, cancel out and therefore J ~ JFC (the
SD term is negligible anyway).

The definitive answer to the question whether or not
such an accuracy is at all useful in common NMR prac-
tice is provided by a straightforward visual comparison
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Fig. 3 Experimental and calculated (B3LYP/cc-pVTZ//
6-31G(d,p)) NMR properties of strychnine. a 'H chemical
shifts; fit parameters of 8cac = @exp + b : a = 1.07,b =
—0.27 ppm, 2 = 0.998. b 13C chemical shifts; fit parameters of
Scale = adexp +b 1 a = 1.01,b = 5ppm,r2 = 0.998. ¢ J(H,H)
coupling constants; fit parameters of Jeuc = aJexp + Db 1 a =
0.93,b = 0.17Hz, 7> = 0.994. Data from Ref. [15]

of the experimental spectrum with one simulated from
calculated shifts and couplings, as is done in Fig. 1 for
naphthalene. The calculation reproduces the appear-
ance of the complex multiplets arising from its very
complicated spin system (AA’A” A"’ BB’'B"B").
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Fig. 4 Calculated (B3LYP/cc-pVTZ//6-31G(d,p)) and experi-
mental 'H spectrum of strychnine (aliphatic region). Inversions
between calculated and experimental resonances are highlighted.
Reproduced with permission from Ref. [15]. © 2006 Wiley-VCH

13C is the next step of any structural work on organic
species; the wide array of experimental techniques avail-
able provides (in principle) the entire carbon framework
and connectivity pattern with directly bonded and long-
range protons. The computational study of 1*C chemical
shifts and "J(C,H) couplings logically follows [7]. In
Fig. 2 we show the correlation plot between calculated
and experimental >C chemical shifts.

Although the general accuracy of these results is quite
similar to that found for 'H, one cannot fail to notice
a group of data points systematically lying above the
correlation line of Fig. 2. These points pertain to carbon
atoms directly bonded to halogen atoms (CI, Br), and
considerable (but rewarding) effort was put into under-
standing the origin of this discrepancy. An outstanding
deviation is displayed by ortho-bromochlorobenzene
(OBCB), whose six carbons resonate in a narrow 12-ppm
range, in the order C6 ~ C2 > C3 > C4 > C5 > C1 (C1
and C2 being, respectively, bonded to Br and Cl). The
large shielding of C1 is not expected on the basis of sim-
ple electronic effects, but is rather reminiscent of anal-
ogous stronger effects known to occur when carbon is
bonded to several heavy halogen atoms. The best-known
such example is perhaps that of CI4, where 3C resonates
at § = —290 ppm, i.e. far outside its typical range. This
effect is now known to arise from relativistic spin—orbit
effects due to the heavy iodine atoms, and to be con-
nected to the s character of the C-X bond [8]; however,
one can legitimately ask whether a single lighter atom
like Br is sufficient to cause small but appreciable effects.
A detailed investigation indicated that two effects are
at work: typical DFT methods are not entirely adequate
to model the correlation effects present in the system
and, as surmised, relativistic effects. Thus, a combination
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Fig. 5 Calculated
(B3LYP/cc-pVTZ// 12
6-31G(d,p)) and experimental
13C spectrum of strychnine
(aliphatic region). Inversions
between calculated and
experimental resonances are
highlighted. Reproduced with
permission from Ref. [15].

Calcd.

28 20)'3 11
188\ 7 18 ) 14 15

© 2006 Wiley-VCH

of MP2 shieldings and spin-orbit shieldings (og,) was
found to provide an almost correct ordering of the sig-
nals (C2 > C6 > C3 > C4 > C5 > C1). oy, terms were
computed by means of the Zero-Order Regular Approx-
imation (ZORA) [9-14] and were found to be markedly
different among the six carbons, with a (definitely non-
negligible) maximum of 12 ppm for C1, 3 ppm for C2
and less than 0.5 ppm for the others.

It is then apparent that, with the exception of halo-
gen-bonded carbon atoms, DFT calculations have the
power to predict at least the major features that char-
acterize NMR spectra of simple organic molecules. The
next logical challenge was to deal with more complex
species, as reported in the next section.

3 Predicting the NMR spectra of naturally occurring
substances

In organic chemistry, one generally deals with mole-
cules having a spectacular variety of structures despite
the relatively small number of atoms that make them
up; this is somewhat at variance with inorganic chem-
istry, where structural variety is achieved through the
presence of a variety of different constituent atoms—
which has important implications for these studies, as
described further down.

Tens of millions of organic molecules can be made or
envisioned with just C, H, O, N as “building blocks”.
From an NMR viewpoint, this has relevant
consequences. For one thing, by just 'H and 3C NMR
even the most complex organic molecules can be inves-
tigated. More importantly, complexity translates into
NMR spectra that exhibit a large number of closely
spaced and variously coupled signals.

55 50 45 40 35 30 ppm

Ultimately, an NMR spectroscopist will aim at
assigning each and every signal to hydrogen and car-
bon atoms, plus the connectivities among them —all this
looking at peaks that may differ by as little as 0.01 ppm!
Clearly, the challenge for DFT calculations becomes
much more stringent; in particular, reliance on statis-
tical parameters, such as those of Figs. 2 and 3 becomes
questionable, since there is no guarantee that a given
method will provide the right answers for the case in
point. Consequently, we elected to evaluate all methods
on a case-by-case basis, as shown subsequently.

3.1 Strychnine: the benchmark

The natural alkaloid strychnine has always been popular
in the NMR community as a work bench for testing new
pulse sequences, since its 'H and 13C spectra are suffi-
ciently complex as to provide challenges in performance,
at the same time being well understood. Strychnine was,
therefore, a natural starting point for a computational
approach, also because it is fairly rigid and weakly polar
[15].

Let us first discuss the general trends reported in
Fig. 3a—c. The slope values close to unity and the
intercepts close to zero, joined with high correlation
coefficients, do indicate a high predictive power of DFT
calculations. Quite clearly, it would be easy to tell the
values for different functional groups, and hence make
such assignments. However, in typical situations this is
rarely required; one would rather be interested in sort-
ing out the crowded region of signals in the aliphatic
region of, e.g. Fig. 3a. In this respect, the high statisti-
cal accuracy just noted may just not be sufficient, in the
sense that statistical errors may exceed the minimum
ASé to be assigned. In fact, whenever two adjacent data
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points in the plots of Fig. 3a and b are connected by
a segment with negative slope, the two NMR signals
would get a wrong assignment from calculation.

Thus, the most informative way to present the results
is in the form of simulated spectra of the type seen
in Fig. 1; this is shown in Figs. 4 and 5 for the most
crowded aliphatic region. The most important features
that emerge are: (a) several pairs of signals are in an
incorrect order (not surprisingly, this occurs mostly for
H). (b) These interchanges occur only for signals sepa-
rated by no more than 0.1 ppm. (c) Calculated coupling
constants are such that the visual appearance of multi-
plets is always recovered, except where the Av/J ratio
is strongly altered.

3.2 Nimbosodione

As a further example of prediction of NMR spectra we
report the computational study of 13-acetyl-12-hydroxy-
podocarpa-8,11,13-triene-7-one (1). Compound 1 was
originally claimed to be one of the three new diterpe-
noids isolated from the stem bark of Azadirachta Indica,
and thus named nimbosodione [16]. The proposed struc-
ture of the (+) enantiomer is shown in Scheme 2. It was
later shown by total synthesis that such structural assign-
ment was incorrect [17,18].

In Table 1 we report the experimental 'H and 3C
chemical shifts of nimbosodione with the original incor-
rect assignment of the resonances to structure 1, and
the results of our calculations for 1. The structure of the
molecule is fairly rigid since also the acetyl group, in
apolar solvents like chloroform, is likely to be involved
in an intramolecular hydrogen bond.

Concerning 'H resonances, the calculated chemical
shift values of 1 appear to be not too far from the exper-
imental resonances of nimbosodione, although the two
aromatic protons (H11 and H14) and the acetyl protons
are not in good agreement. In contrast, the calculated

-,
%,
7

19 18

Scheme 2 Structural formula of (+)-13-acetyl-12-hydroxy-podo-
carpa—8,11,13-triene-7-one (1)
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Table 1 Experimental 'H and '3C chemical shifts (ppm) of nim-
bosodione and calculated 'H and '3C chemical shifts of 1

H Exp Calc B¢ Exp Calc
H1 1.61-1.70 1.54 C1 37.95 41.75
H1 2.54-2.58 2.31
H2 1.61-1.70 1.68 C2 18.90 23.78
H2 1.94-1.99 1.89
H3 1.42 1.31 C3 41.37 4541
H3 1.52 1.50
Cc4 33.31 41.19
H5 1.83 1.73 C5 36.03 39.53
H6 2.69 2.65 C6 49.58 53.63
H6 2.58 2.52 Cc7 198.60  201.75
C8 157.08 128.25
9 159.08 173.26
C10 33.31 46.34
H11 6.72 6.96 Cl11 109.62 117.47
C12 159.15 177.21
C13 157.42 122.09
H14 7.82 8.93 C14 130.78 139.49
H18 0.92 0.92 C18 15.10 34.35
H19 0.97 1.02 C19 2322 23.06
H20 1.20 1.24 C20 21.31 25.07
COCH; 222 2.64 COCH3 32.59 28.07
COCH3 198.62  212.84

Experimental data from Ref. [16] in CDCl3; calculated values in
the gas phase

13C chemical shifts are significantly different from the
experimental data. In particular, in the experimental
spectrum of nimbosodione there are four carbon reso-
nances, originally assigned to the aromatic quaternary
carbons C8, C9, C12 and C13, which fall within a narrow
range of about 2ppm (see Table 1). The correspond-
ing calculated chemical shifts of 1 are, instead, spread
over a much wider range of about 55ppm. Less dra-
matic differences can also be observed in the chemi-
cal shifts of the two carbonyl carbons, C7 and COCH3:
while in the experimental spectrum of nimbosodione
both signals occur at 198.6 ppm, the calculated C7 and
COCHs3 resonances of 1 are separated by about 10 ppm.
The experimental 'H spectrum of 1 has not been fully
assigned since there are several resonances appearing
as unresolved multiplets [17]. However, among the few
proton resonances that have been assigned there are
those of H11 (§ 6.96), H14 (§ 8.53) and of the acetyl
protons (8 2.70) [17]. These are in better agreement with
the calculations than those of nimbosodione. The exper-
imental 13C spectrum reported in [18] has also not been
assigned; therefore, it is again not possible to make a
direct comparison with our calculated values. However,
in contrast with the experimental spectrum of nimbo-
sodione, the two most deshielded carbons, presumably
C7 and COCHs3, are well separated and resonate at
3 197.04 and § 204.42 [18]. In addition to this, and in
agreement with the results of the calculation, the four
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quaternary carbons C8, C9, C12 and C13 do not resonate
so close to each other as in the experimental spectrum of
nimbosodione.

The message is, then, that DFT calculations (espe-
cially of J-couplings) can capture the essential features
of complex NMR spectra and can greatly help in the
structural elucidation of newly isolated molecules, allow-
ing to discard wrong structures whose calculated NMR
spectra do not match the experimental one. It should be
mentioned that similar approaches have been adopted
also by Bifulco and coworkers to related issues in the
natural-substances domain [19-23].

4 Calculated coupling constants in conformational
analysis

A field where NMR J-couplings have always been a
fundamental source of information is conformational
analysis, owing mainly to the well-established Karplus
relationship linking a vicinal 3J(H,H) coupling to the
H-C-C-H dihedral angle. There are, however, instances
where such couplings cannot be accurately determined.
One such case is that of bicyclic benzo-fused bicylic
oxazines of the type sketched in Scheme 3. These com-
pounds can exist in two conformations resulting in differ-
ent dihedral angles between H-4a and H-4eq or H-4ax;
however, interconversion between the two forms is fast
even at very low temperatures, so that the coupling con-
stants cannot be reliably extracted and one observes
at best a population-weighted average. This is a typical
playground for computational chemistry; indeed, after a
prior calibration with one example where the exchange
can be frozen, we were able to assign conformer popula-
tions through the calculation of relevant couplings; the
level of accuracy is portrayed in Scheme 3 [24].

A similar approach was pursued to probe the confor-
mational equilibria of phosphorus-containing heterocy-
cles by means of J(PH) couplings, after assessing the
relative contributions of the various terms [25].

0.8 Hz (< 0. 2.9Hz (24
H4a
H4eq

o 5.0 Hz (5.1)
Me
5
N—N\_
Me 11.1 Hz (12.1)
Scheme 3 Calculated J(H,H) coupling constants of

N-in and N-out conformers of benzo-fused oxazines (experimen-
tal values in parenthesis). Data from Ref. [24]

5 NMR of heavy-atom nuclei

Computational studies involving heavy elements have
always lagged behind in development with respect to
molecules containing only light elements. There are sev-
eral good reasons for this: these systems obviously have
a large number of electrons, occupying shells with high
angular momentum (such as f orbitals); electrons in
inner shells are subject to large relativistic effects that
ultimately have an influence on all molecular orbitals
[26]. Furthermore, many such species, notably those
based on transition-metal elements, exhibit a complex
electronic structure with several closely spaced energy
levels. It is not too surprising, therefore, that they are
computationally challenging.

With regard to NMR properties, things are even
worse: a popular workaround to some of the previ-
ous problems has been to adopt effective-core potential
basis sets (ECP), where inner-core electrons are mod-
eled in a simplified way, consistently with the notion
that such electrons hardly participate in chemical bond-
ing or reactivity [26]. This approach is hardly applica-
ble for the calculation of properties that concern the
behavior of the electron density in the vicinity of the
nucleus, because ECPs do not have the correct form
there. Even though shielding calculations with ECPs
have been shown to have some predictive power [27,28],
the approach as a whole is questionable.

So much for the bad news. The good news is that,
very often, heteronuclear magnetic resonance works on
species that contain just one or very few such atoms,
e.g. where a metal center is complexed by organic
ligands. Even more importantly, heavy-atom nuclei res-
onate in a far wider interval than light ones; chemi-
cal shift ranges of 10° ppm are common [29]. As a
result, the requirements placed on computed results
are often milder, since the resolving power required
is lower (this is not always the case, as will be shown
later).

The requirement of being able to deal with heavy
atoms in a comprehensive manner, i.e. that takes into
account the large number of electrons, relativistic effects
thereon and accurate description of core shells, has been
largely met by the Amsterdam Density Functional
(ADF) code [30], where a consistent implementation of
DFT with Slater (rather than Gaussian) basis sets and
the ZORA formalism allows for a meaningful and infor-
mative computation of shieldings and couplings even
for atoms as heavy as tungsten, mercury or lead [31,32].
Our own contributions to the field are described subse-
quently (in increasing atomic number).
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Fig. 6 Experimental and calculated (BP-ZORA/TZP) “Ru
chemical shifts. The complexes reported encompass the whole
18,000-ppm range; a large number of tris(bipyridyl) complexes
is known which resonate in the 7,000-ppm region. At both the
scalar and spin—orbit levels the fit parameters are: a = 1.0,b =
—300 ppm, 2 = 0.95. Data from Ref. [34]

5.1 Ruthenium-99

Owing to its high quadrupole moment and low mag-
netogyric ratio [29,33], “Ru is a very difficult nucleus
for NMR, to the point that experimental data are avail-
able for only a dozen species or so, and all this despite
the great importance that ruthenium complexes have.
With its 18,000-ppm range ’Ru NMR offers a poten-
tially useful avenue for the investigation of the numer-
ous Ru complexes that find application in all areas of
chemistry, especially synthesis and catalysis.

By employing the ADF scheme we were able to
model all *Ru chemical shifts at a relativistic level, [34]
remedying the deficiencies previously noted if the calcu-
lations were performed by the ECP method and conven-
tional Gaussian basis sets [28] (Fig. 6). We also obtained
a satisfactory accuracy for the ruthenium shielding in
the polyoxometalate a-[PW{;RuO3z9(DMSO)]>~ [35].

5.2 Rhodium-103

Rhodium, apart from its known applications in catal-
ysis, has recently gained novel popularity because of
the possibility to build nanoscopic circuits based on
binuclear complexes [36]. 1*Rh(/ = 1/2) NMR [29,33]
is of course a useful probe of the molecular geometry
and electronic structure of such complexes. Therefore,
a computational study of *Rh chemical shifts was per-
formed at the ZORA relativistic DFT level [37]. The cor-
relation between the calculated and experimental values
for a set of mononuclear benchmark compounds and
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Fig. 7 Experimental and calculated (BP-ZORA/TZ2P) 19Sn
chemical shifts. Filled circles ZORA spin—orbit with correlation
line; fit parameters are: a = 1.3,b = —23 ppm, > = 0.995. Empty
squares ZORA scalar for tin heavy halides (see text). Data from
Ref. [39]

larger binuclear complexes was very satisfactory, pro-
vided that spin—orbit coupling was taken into account
when heavy atoms (typically Br and I) were bound to
Rh; then we proceeded to evaluate the influence of the
electronic structure of the complex on '3Rh shieldings
[37]. The effect of changing the ancillary ligands was also
correctly reproduced by the calculations.

5.3 Tin-119

Tin is a very important element in many areas such as
industry, agriculture and biology [38], and a large quan-
tity of tin NMR data, mainly related to ''”Sn, is available.
In contrast, the investigation of tin NMR by quantum
chemical methods is still at an early stage. Therefore
we selected a set of tin(IV) compounds, including tin
halides, for a systematic prediction of ''Sn NMR prop-
erties [39]. The availability of several data pertaining to
tin halides where Sn is bonded to one or more heavy
halogens (Cl, Br, I) provided a further opportunity to
test for the influence of relativistic spin—orbit effects on
the shielding and couplings of 1'?Sn. Indeed, the ZORA
spin—orbit level is necessary to obtain a good agreement
with experimental data even with chlorides, and is abso-
lutely essential to get meaningful results in the case of
bromides and iodides, as shown in Fig. 7. Spin—orbit cou-
pling is essential also to correctly predict the coupling
constants with heavy halogens, like Br or 1.

Despite the general success of relativistic DFT meth-
ods, we also pointed out the limits of the protocol when
small couplings J(11?Sn, 13C) and J(11°Sn, 'H) in similar
alkyltin derivatives were sought [39]. Another applica-
tion of computed '”Sn NMR properties was the
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structural characterization of a new ribonic acid deriva-
tive of Sn(IV) [40].

5.4 Xenon-129

Natural xenon contains 26% of the '2°Xe isotope, which
has I = 1/2 and hence gives rise to sharp NMR lines
with good sensitivity. Xenon NMR is acquiring more
and more importance not so much in connection with
its compounds, which are few and unstable, but because
elemental xenon can be used as a molecular probe of
weak interactions, owing to the great sensitivity of 129 Xe
chemical shifts to even minute changes in the environ-
ment. Thus, it is of major interest to model the changes
that occur in its NMR properties when a Xe atom
approaches a molecule, membrane or solid surface. Since
these changes are expected to be small, as a preliminary
step we validated the methodology by looking at the few
covalent Xe compounds [41].

The relevant results are shown in Fig. 8. It is imme-
diately apparent that the correlation is generally good,
but there are outstanding deviations that clearly deserve
attention, most notably that for “XeF*”. Until a few
years ago, the blame for this poor performance would
have been placed entirely on the computational end.
But we are now in a position to legitimately question
the experimental results. Indeed, looking at the “small
print” in the original report, we discovered that for the
species generated in superacids the Authors postulated
the XeF™ or the bridged [F-Xe-F-Xe-F]* structure.
Running the calculations on Xe,F7 resulted in quite a
good agreement; thus strongly supporting the bridged
species.

5.5 Tantalum-181

The '81Ta nucleus belongs to the fairly large group of
elements which possess NMR-active isotopes but are
hardly studied, owing to major difficulties in detecting
their broad and/or weak signals (like, e.g. 33S,474Ti,
YTFe, 187Re, 18718905 and 1%3Ir) [33]. As a consequence,
a potentially useful probe in certain areas of chemis-
try falls into oblivion. Obviously, the capability to pre-
dict the location of a given NMR signal, even with
relatively low accuracy, would be helpful. The follow-
ing example tries to make this point by looking at 181 Ta
chemical shifts for the few experimentally studied spe-
cies (Table 2; Fig. 9). The accuracy is limited by that of
experimental data (lines are several kHz broad), and
again the correlation has an adequate predictive value.

(a) 4000 -
2000 1 XeFro
£ o XeF,
% 0 ue XeOa
= o & XeOR,
< eF, .--
£ 2000 - FXeN(SOF), war = XeoFs'
3 57 FXe0SO,F
-4000 -
Xe .--7
| §
-6000 .

-6000 -5000 -4000 -3000 -2000 -1000 0 1000

Bexp('*Xe) / ppm

(b) 15000 -
J(Xe,F) XeF+ ©
12000
<
@ 9000
= 1J(Xe,F) Xe,Fg*
3V
T °
§ 6000 - =
3
3000 -
/‘ -7 .
0 b=t
0 2000 4000 6000 8000

Jexp('2Xe X)

Fig. 8 Experimental and calculated (BP-ZORA scalar/TZ2P)
129%Xe chemical shifts and coupling constants. a Chemical shifts.
Fit parameters of 8cyc = adexp +b : a = 1.01,b = 28 ppm, 2=
0.993. b Coupling constants. Fit parameters (excluding XeF*) of
Jeale = @Jexp +b 1 a =1.09,b = 17Hz, ¥ = 0.999. The arrows
highlight the different NMR parameters of XeF+ and XegF;
Data from Ref. [41]

5.6 Tungsten-183

Tungsten has only one NMR-active isotope, '$3W (I =
1/2) [29,33]. Albeit endowed with a fair abundance of
14%, its very small magnetogyric ratio makes it a diffi-
cult nucleus for NMR. There are, however, major rea-
sons to encourage such studies: '83W signals are sharp
and hence provide high resolution; most importantly,
many tungsten complexes are crucially important in
catalysis. Most such compounds belong to the numer-
ous and varied family of polyoxometalates (POM), and
itis in this area that we have focused our efforts (see e.g.
Fig. 10).

As before, we firstly approached the problem ana-
lyzing mononuclear complexes by means of ECP basis
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Table 2 Experimental and calculated '8! Ta chemical shifts

Exp op o4 oSO o 8
TaS;~ 445 —9662.55 8453.65 1765.768 556.866 2030.49
TaSe, ™ 1435 —10691.60 8448.71 1764.115 —478.776 3066.14
TaTei’ 3525 —12549.52 8457.87 1962.23 —2129.42 4716.78
TaCl, 0 —7805.27 8458.26 1934.364 2587.361 0
Ta(CO)4 —3450 —3575.54 8463.21 2047.435 6935.104 —4347.74
TaF, —2295 —5557.18 8445.76 1959.24 4847.82 —2260.46
TaF%‘ a —5482.53 8448.25 1975.71 4941.43 —2354.07

181Ta chemical shifts at the BP-ZORA spin—orbit/TZP level. Experimental data cited in Ref. [33]
#Note that the ambiguous assignment of the signal attributed to TaF; would not be addressed by 1813 NMR, since the alternative

proposal TaF%’ has a virtually identical chemical shift

7500 +

5500 4

E - ,“‘/ 3-
S 3500 TaSe,> .-~ TaTe,
o [
~ /,’
= TaS43'.
= 1500 -
] .
et < m
500 1 . TaClg
TaFg .-~
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o 'I"a(CO)@

-4500
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Soxp(**'Ta) / ppm

Fig. 9 Experimental and calculated '8! Ta chemical shifts (BP-
ZORA spin—orbit/TZP). Fit parameters of 8cye = abexp +b 1 a =
1.3,b = 609 ppm, 72 = 0.97

Fig. 10 Structure and numbering of the Keggin polyoxometalate
o — [PW1;039]7~ with C symmetry. The 11 tungsten atoms give
rise to a 2:2:2:2:2:1 spin system, with one unique signal arising from
W6 lying in the symmetry plane
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sets [27] and later by relativistic ZORA methods [42],
obtaining results of similar quality as those earlier seen.

In the context of POM chemistry, however, important
challenges lay ahead. Most POMs feature a number of
W(VI) atoms (5-30 and more) lying in slightly differ-
ent environments, with correspondingly similar chemi-
cal shifts: the range of 8,000 ppm is thus reduced to some
300-500 ppm, and often much less.

The situation is even more complicated because these
species are negatively charged, and their spectra are gen-
erally obtained in polar solvents, which brings in issues
like the effects of counterion and solvent. In a prelim-
inary wide-range study, we examined a few represen-
tative cases [42]. For example, the '3W spectrum of
o — [PW1039]”~ features six signals in the 2:2:2:2:2:1
ratio, lying within just 50 ppm in an order that depends
on the counterion. We then found that the ordering of
the signals was mostly incorrect if one took the isolated
ion into account; conversely, if a Li(H,O)* counterion
was assumed to lie in the upper cavity defined by the
four W1 and W4 atoms (the “lacuna”), the resulting
order was profoundly affected, leading to a better agree-
ment with experiment. A following study highlighted the
necessity of including solvent effects both in the geome-
try optimization and in the shielding calculation, and of
running the calculations at the ZORA spin-orbit level
[43].

A further important issue connected with the NMR
of POMs concerns vicinal spin-spin couplings of the
type 2Jww. All POMs contain a large number of W-
O-W units which give rise to sizable couplings. Owing
to the caged structure of POMs, the W-O-W angle o
cannot take arbitrary values, but is rather constrained
to two ranges with « of approximately 130° (edge-shar-
ing) or 150° (corner-sharing). The magnitude of 2Jww
depends strongly on «, with values of 5-12Hz or 15-
30 Hz, respectively. Thus, these coupling constants find
extensive application in the structure determination of
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POMs. Nonetheless, cases are known where this empiri-
calrule is apparently violated. For example, in the case of
¥ —[SiW19O36]%~ one such coupling (of the corner-shar-
ing type) is only 4.9 Hz even though the W-O-W angle
would require a value in the high range. Clearly, the
occurrence of such exceptions called for a non-empiri-
cal validation of the empirical rule. We approached the
problem by firstly analyzing in detail a basic POM frag-
ment, [W209]°~, for which we could determine the cou-
pling surface as a function of & and rwo (Scheme 4).
By this, we established that (a) the angular dependence
indeed conforms to the empirical rule; (b) there is, in
addition, a strong distance dependence that cannot be
overlooked. Most importantly, (c) accurate couplings
can be computed with a locally dense basis set in which
only the three involved atoms (W-O-W) are treated at
a high level. This recognition allowed us to calculate the
couplings in y — [SiW(O34]%~, thereby demonstrating
that the small value of 2Jyww (4.9Hz) can be success-
fully reproduced (5.8 Hz), and that it is entirely due to
an exceptionally long rwo distance [44].

5.7 Mercury-199

99Hg having I = 1/2, gives rise to well-resolved NMR
spectra and is often employed in structural studies of
mercury compounds [29]. For these reasons, ”Hg has
been used to benchmark the performance of relativis-
tic methods in the calculation of nuclear shieldings [5].
A peculiarity that renders '*’Hg NMR really conspic-
uous is the size of its homonuclear coupling constants,
which reach the highest values known; the computed
17(Hg,Hg) in the naked Hg§+ cation is not less than 800—
900 kHz [45]. The experimental value of “just”284.1 kHz
[46] refers to crown—ether complexes, which could also
be successfully modeled as 278.4 kHz by Autschbach and
Ziegler [45]. Analogously, the Hg%Jr cation complexed
with solvent or counterions yielded a 'J(Hg,Hg) of 100—
140 kHz [45] against an experimental value of 139.6 kHz
[47].

O 0]
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O--.,“ / \\\\\\o”lll(uu,, ) \.\.--~O
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Scheme 4 The [W209]%~ fragment used as a model of POMs.
Values of 2Jyww have been computed covering the relevant part
of the (o, rwo) surface
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Table 3 Calculated coupling constants in the Hgi+ cation
Coupling constant PSO (Hz) FC+SD (kHz) Total (kHz)
LJ(Hg1,Hg2) —1860 345 32.7
1J(Hg2,Hg3) -377.1 100.0 99.6
2J (Hgl,Hg3) —0.5 149.8 149.8
3] (Hgl,Hg4) -29.4 178.0 178.0

At the BP-ZORA spin-orbit/TZ2P level, for *Hg, DSO terms
are always smaller than 0.1 Hz. In the ZORA formalism at the SO
level the PSO and FC + SD contributions contain cross terms with
each other

We built on those results, firstly extending the study
to the HgiJr cation (Cyp) [47]. The structure was opti-
mized at the BP-ZORA scalar/TZP level; numbering
the spin system as Hg(1)-Hg(2)-Hg(3)-Hg(4), we cal-
culated bond lengths as rj, = 2.769 A, r3 = 2.723 A and
a Hg(1)-Hg(2)-Hg(3) bond angle of 178.9°. These val-
ues can be compared to the respective experimental X-
ray data of 2.620 and 2.588 A, 177.27° [48]. Its couplings
are still in the kHz range, and the one-bond couplings
in [Hg(1)-Hg(2)-Hg(3)-Hg(4)]** are all smaller than
two- and three-bond ones (Table 3) [45]. Unfortunately,
this species is insufficiently stable in solution to allow
for an experimental verification.

A further point of interest concerns the so-called
“grid compounds” extensively studied by Lehn, which
self-assemble to form extended networks containing
metal centers (including Hg(II)) at regular positions in
a grid ([49] and references therein). These complexes
have been proposed as systems to store/retrieve infor-
mation, and J-coupling is one means to achieve this.
Again, computational chemistry can help designing sys-
tems where desirable characteristics can be predicted or
enhanced. Owing to the size of these systems, we had
to design a simplified model which could however cap-
ture the essentials of the system. Thus, we computed
mercury coupling constants in the complex depicted in
Fig. 11, which gives rise to a simple 2 x 2 rectangular
grid.

The structure of Fig. 11 (148 atoms, no symmetry)
was optimized at the BP-ZORA scalar level, with the
TZP basis set for Hg (4f shell frozen, Hg4f. TZP), DZP
for C and N (Is shell frozen, C1s.DZP, N1s.DZP), and
DZP for H. The use of frozen-core basis sets, in which
the orbitals designated as atomic cores (e.g. up to the 4
f shell for Hg) are not optimized in the SCF procedure,
was mandated by the large size of this system. The cou-
pling calculation was then run on the optimized struc-
ture, employing an all-electron basis set for Hg (TZ2P)
and keeping the basis for the other atoms at the DZP,
frozen-core level. The scalar ZORA method was used,
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Fig. 11 A model Hg(II) complex inspired by Lehn’s “grid com-
pounds”. The four mercury atoms define a rectangle with ca. 7A
side

Table 4 Calculated coupling constants in a Lehn’s “grid com-
pound”

Coupling constant DSO PSO FC Total
J(Hgl1,Hg2) (horizontal) 0.06 0.04 —36.4 —36.3
J(Hgl,Hg3) (vertical) 0.01 0.05 -17.9 —-17.9
J(Hgl1,Hg4) (diagonal) 0.00 0.00 0.1 0.1

In Hertz at the BP-ZORA scalar level, for 199Hg, see text for basis
sets

and the calculation was restricted to the DSO, PSO and
FC terms only. The results are collected in Table 4.

The coupling constant between two "’Hg nuclei
across the “horizontal side” (Hgl-Hg2, 7.088 A) was a
sizable —36 Hz, the one across the “vertical side” (Hgl-
Hg3, 7.196 A) was —18 Hz, and only 0.1 Hz across the
diagonal (Hg2-Hg3, 10.101 A). In contrast, in a rectan-
gle of four naked mercury ions placed in the same rel-
ative positions no coupling is calculated. One then sees
that the ligands are essential for this very long-range
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coupling (these would be 17 if this terminology makes
sense at all here). These results highlight again the
extremely strong spin—spin coupling that mercury nuclei
can exhibit even when separated by large distances, and
may suggest ways to achieve the desired effect of trans-
mitting or storing information.

6 Through-HB spin—spin coupling

Spin-spin coupling is commonly thought of as the hall-
mark of covalent bonding; this concept is even built
into the ™J notation, where n stands for the number
of bonds intervening between the two coupled nuclei.
In organic chemistry this notion is rooted in the well-
known fact that most such couplings rapidly fall off
when n exceeds 5-6. Thus, the finding that in hydro-
gen-bonded species involving HF and F~ at low tem-
peratures there was a coupling as large as 100 Hz was
something of a surprise [50]. Despite the obvious fun-
damental implications, these findings remained some of
a curiosity (together with certain unusually large long-
range couplings involving '°F) until similar couplings
were demonstrated to exist between nuclei involved
in much weaker and much more important hydrogen
bonds (HB), like those of nucleic acids and peptides
(Scheme 5).

The existence of a coupling previously thought to
be unmeasurably small spawned much interest in the
biomolecular NMR community, since a new conforma-
tional constraint could be employed to probe the spa-
tial proximity of specific atoms. Thus, together with the
deployment of new experimental techniques, fundamen-
tal questions arose, like: (a) What structural features of
the HB (distance, angle, dihedral angle) determine the
magnitude of J? (b) Is there a relationship between the
HB strength and J? (c) What range of J values can be
expected for a given system?

Work from this laboratory [51] provided a first com-
prehensive set of answers. Firstly, a model system made
of two formamide molecules was investigated: this sys-
tem (Scheme 6) was sufficiently small as to allow a
detailed mapping of the 3"Jyc coupling surface as a
function of the most relevant geometrical parameters
(r,¢). Only the Fermi-contact term was computed at
the B3LYP/6-31G(d,p) level.

The main conclusions thus drawn on the magnitude of
3h‘II/\IC were: (a) A marked distance dependence, espe-
cially for v = 180°; (b) No relationship between the
magnitude of J and linearity of HB; (c) No dependence
on the dihedral angle between the planes defined by
each amide molecule. Furthermore, the correct order of
magnitude (between —0.2 and —1.7 Hz) was predicted,
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Scheme 5 Spin-Spin
coupling through hydrogen
bonds. Left to right
9F_H...19F~ in liquid HF at
low temperatures,

ISN-H .- - >N in nucleic-acid
base pairs, 'N-H... O = 13C
in peptides. The superscript
“h” denotes through-HB
coupling

(F-H)o~ F

ZhJFF'

Scheme 6 The formamide hydrogen-bonded dimer as model
system

in agreement with the few then available experimental
values, for arrangements leading to a stable HB, with a
maximum for ¥ = 150°. The lack of influence from the
dihedral angle was tentatively traced to the o symmetry
of the molecular orbitals that connect the two interact-
ing molecules.

These results were used as reference to investigate
the through-HB coupling in the then only available data
set (ubiquitin). Amino acid pairs for which a through-
HB coupling had been ascertained were cut from the
structure of ubiquitin, and left in their native relative
arrangement (see e.g. the Glu-64-Gln-2 pair in Fig. 12,
for which a value of 0.8 Hz had been determined). In
most cases the correct magnitude could be predicted.

7 Through-space spin-spin coupling

We have seen in the previous section that spin—spin cou-
pling does not strictly require the existence of a cova-
lent bond between the involved nuclei, even though
the notion of some extent of bonding is firmly rooted
in our concept of hydrogen bonding. This novel per-
ception brought a new awareness which naturally led
to the next logical question, can there be a spin—spin
coupling without a covalent bond? There is an obvious
stumbling block in demonstrating this proposition—all
non-bonded molecular pairs will, by necessity, be very
short-lived and this will inevitably clash with the long

ca. 100 Hz

Y
ca. 7-8 Hz ,', 0.2-0.8 Hz O/ \

Fig. 12 Spatial arragement of the Glu-64 (donor)-Gln-2 (accep-
tor) pair in ubiquitin

timescale of NMR spectroscopy. There is no such diffi-
culty in the computational approach, so this topic per-
fectly suits the purpose of this investigation. It is useful
to recall at this stage that, without a recognizable cova-
lent or even hydrogen bond in between, any predicted
coupling might be hailed as “through space”, and will
be labeled accordingly.

Indeed, early reports were discouraging, since in
Xe---Xe and Xe---H calculated coupling constants
were much below 1073 Hz [52]. A perspective shift was
provided by Pecul, who calculated a stunning 1.3-Hz
coupling between two 3He nuclei in He;, a system for
which no one would admit any degree of chemical bond-
ing [53]. Interesting as it was, however, this result did
not go beyond a proof of principle; there is no chemi-
cally interesting system where this result might be put
to advantage. There are, however, several other weakly
bound systems which are important in various areas of
chemistry, to which we turned our attention as described
hereafter.

7.1 Through-space coupling in CH-7t complexes
Among weak nonbonding interactions the so-called

CH-t interaction, where a C-H bond acts as “donor”
towards an aromatic 7t system as “acceptor”, plays an
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Fig. 13 CH-n  systems investigated. Left to  right

CHy - - - C¢Hg, (CgHg)2, Wilcox balance. For these systems,
the “through-space” couplings are negligible for protons, and
take values of 0.1-0.3 Hz for the 'H, 1*C couplings indicated

established role in dictating the structure and stabil-
ity of many organic systems [54]. Most such systems,
however, still share the unwanted feature of being too
labile to be amenable to NMR studies: thus, even if
one were able to measure predictably small coupling
constants, the observable value would be a weighted
average involving a large fraction of unbonded partners,
where no coupling would exist. Despite these major
obstacles and the lack of experimental data, however,
we deemed the topic intriguing enough to warrant a
detailed theoretical investigation. Initially, we employed
DFT methods to probe simple “van der Waals mole-
cules” arranged as required for a CH—m interaction, like
CHy - - - C¢Hg or (CgHg)2 [55], proceeding with the use
of accurate ab initio methods [56]. Both approaches con-
curred in predicting (at equilibrium distance) negligible
couplings between protons and small but consistently
non-negligible ones (0.1-0.3 Hz) between the proton in
the donor and a 13C in the aromatic acceptor (Fig. 13).
Other features were also probed [57,58]. Most impor-
tantly, we pinpointed a few cases drawn from supra-
molecular chemistry where certain molecular moieties
were arranged as in model systems, like an acetonitrile—
calix[4]arene complex and the “Wilcox balance”, where
we found again similar trends [55,56].

To date, there have been no experimental determi-
nations related to these predictions. Nonetheless, we
deemed it interesting to further probe this issue, mov-
ing on to through-space couplings involving elemental
xenon.

7.2 Through-space coupling involving elemental xenon

As mentioned before, 12Xe is a favorable nucleus for
NMR. Xenon NMR has acquired an outstanding role
owing to the extreme sensitivity of the Xe atom to
even small changes in its environment, which can be
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monitored through !?Xe NMR. These properties,
joined to its chemical and biological inertness, make it
an ideal NMR probe for weak interactions. The scenario
is made even more favorable because the spin polarized
state of 129Xe can be populated by laser irradiation to an
extent much higher than the thermal population (hyper-
polarization); taking advantage of the extremely slow
relaxation, one can measure very strong signals. Lately,
therefore, the chemical shift and relaxation rate of Xe
are finding use in MRI for materials science and
medicine.

On the other hand, one should also recall that spin—
spin coupling involving heavy atoms tends to reach high
values, as shown before for Hg. From this standpoint
it seemed worthwhile to investigate through-space cou-
plings between Xe and nucleiin small molecules taken as
models of the weak interactions that one expects when
xenon interacts with organic materials like membranes
or living tissue (methane, benzene) or inorganic ones
like zeolites (an O[Si(OH)z], fragment), see Scheme 7
[41]. Not too surprisingly, we found again that at dis-
tances where the interaction is stabilizing 12*Xe~'H and
129% e 13C coupling constants take non-negligible values
of a few tenths of Hertz. Interestingly, the largest such
coupling was predicted in system (c) between 12?Xe and
170 (ca. 4 Hz), but not with 2°Si.

As an extension to this work, we further calculated
trends in the '2?Xe chemical shift with varying distance
to the interacting partner, since these trends are useful in
molecular dynamics simulations, with particular regard
for a more realistic membrane model [58].

As remarked before, actually measuring these small
couplings is a major challenge for experimental NMR.
Xenon systems may have a greater chance of success,
employing hyperpolarized Xe and SQUID-NMR detec-
tion as recently suggested [59].

In the following last section, we will present a peculiar
case where through-space coupling has been experimen-
tally detected. As such, it was a chance not to be missed.

7.3 Through-space coupling in thallium cryptates

Through-space coupling has been observed experimen-
tally in the dithallium(I) cryptate shown in Fig. 14 [60].
The authors reported aJ (203.205T1 1H) of 17 Hz between
the pair of equivalent Tl atoms and the aromatic pro-
ton of the bridging link, located at 3.816 A from the
metal ions. The authors also claimed that the J(293-205T7,
203.205T1) should be much larger than 17 Hz despite the
relatively large distance of 4.376 A between the two ions
[60].

We have investigated this system by relativistic DFT
calculations. Since the size of the system is significant,
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Scheme 7 Some of the model systems investigated which show through-space coupling between 12°Xe and 'H, 13C or 170. a Xe-meth-
ane; b Xe-benzene; ¢ Xe—O[Si(OH);]>. NMR properties were calculated as a function of the intermolecular separation R

(a) (b)

Fig. 14 3D structures of a the dithallium(I) cryptate system
(X-ray structure from Ref. [60]) and b the model system

together with the X-ray structure of the full cryptate
(Fig. 14a) we also devised a model system composed
of the two TI(I) ions and one benzene molecule in the
same relative position as the benzene ring in the cryptate
(Fig. 14b).

In Table 5 we report the calculated coupling constants
for the model system. The magnitude of the calculated
J(?%5T1,'H) between TI(I) and the aromatic proton (ca.
15Hz at all levels) is in good agreement with the exper-
imental data. The results of our calculations seem to
be converged with respect to the basis set size, as far
as J(9TL 'H) is concerned, and the use of the more
expensive TZ2P basis set is not necessary. Although the
calculated values at the SC and SO level are quite simi-
lar, the various contributions are affected by the level of
theory. The agreement we observe for the total J, there-
fore, stems from a compensation of errors. Concern-
ing the J(?®T1,2%5TI) coupling constant, the values we
obtain are indeed much larger than the proposed lower
limit of 17 Hz [60]. However, widely different results are
obtained according to the basis set and the relativistic
level. For example, at variance with typical results, at the
SO level the PSO contribution is the dominant term, but
the other contributions are also strongly affected. Thus,
we can only estimate a J(2*>T1,205T1) coupling constant
of ca. 2kHz.

The size of the cryptate system sets stringent limits on
the basis set quality and relativistic level. At the ZORA
scalar level, we were able to adopt the TZP basis as

before, but in the case of the computationally intensive
spin—orbit one we had to resort to a locally dense basis
set like in the case of tungsten couplings [44]. Thus, the
atoms that had been included in the model system were
assigned the TZP basis, whereas the remaining atoms
were assigned a frozen-core basis set of DZP quality, C
and N with the 1s shell frozen. These results are given
in Table 6 and show a substantial agreement (although
strictly they are not comparable owing to the difference
in the basis set). In any case, we predict a through-space
J(TITH) of 35Hz and a J(2%T1,29°T1) of 55kHz. All
values turn out to be quite different from those of the
model system; notably, the 2% TI-?%3T1 coupling is esti-
mated one order of magnitude larger than in the model.
Nevertheless, the calculated value for J(TI, 1H) still
has the correct order of magnitude. Thus it is appar-
ent that recourse to simplified models, as was success-
fully done with 83W, may not always be warranted.
This behavior resembles that of the grid compound of
Table 4, where only the inclusion of all ligands resulted
in a sizable coupling.

8 Outlook and perspectives

Computational NMR has evolved into a well-defined
subdomain of computational chemistry. It is also becom-
ing “mature” in the sense that one sees more and more
often this approach being employed as part of a wider-
range investigation (as opposed to validation or meth-
odological studies). Like its experimental counterpart, it
embraces all fields of chemistry and therefore its poten-
tial applications raise the interest of all researchers
involved in NMR spectroscopy. Of course, there are
still several challenges that have to be met before this
approach becomes a standard tool in chemistry: some
difficulties are inherent to the nature of the systems
investigated (e.g. in the case of heavy atoms), others
are rooted in the complex nature of the molecules of
interest (as is often the case of organic species) and oth-
ers still stem from the neglect, or incomplete accounting,
of solvent effects. Eventually, the level of description of
the (electronic) structure will have to move from a static
picture, such as that commonly adopted, to a dynamic
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Table 5 Calculated coupling constants involving 2°>Tl in the model Tl,(CgHg)?" system

J(T1,X) (Hz)

Basis Level X DSO PSO FC SD FC + SD? Total
TZP sC 2057 0.0 350.2 6640.7 —126.9 6513.8 6864.1
'H 0.6 1.9 16.1 -39 12.2 14.7

SO 205 0.0 —5041.5 1844.9 —3197.4

g 0.6 7.9 7.1 15.5

TZ2P SC 2051 0.0 318.0 6479.0 —108.3 6370.7 6688.7
'H 0.6 1.6 16.0 -3.6 12.4 14.6

SO 2057 0.0 —4223.0 2478.6 —1744.4

'H 0.6 7.1 7.7 15.4

4 In the ZORA formalism at the SO level the PSO and FC + SD contributions contain cross terms with each other

one that accounts for internal mobility, solvent effects
and solvation dynamics at the same time. This is a cur-
rently active field of research (see e.g. [61]) that stretches
computational facilities to their limits, and as such is still
limited to relatively small systems.

A further goal is the computation of NMR spectra of
paramagnetic substances [62]. Once considered to lie at
the borders of the scope of NMR, it is now recognized
that such spectra can often not only be obtained, but
provide valuable information as well [63].

By accounting our recent work in this area we hope
to have conveyed the usefulness and liveliness of the
approach as a whole, thus attracting more active
researchers into considering the calculation of NMR
spectra as a worthwhile tool in the pursuit of their sci-
entific goals.

9 Computational details

Calculations run for this work were performed with
the Amsterdam Density Functional suite of programs
(ADF) [30] or Gaussian 03 [64].

Gaussian 03 calculations on nimbosodione were car-
ried out with the B3LYP hybrid functional [65,66] and
the cc-pVTZ basis set, after geometry optimization at
the B3LYP/6-31G(d,p) level.

In ADF calculations we employed the Becke88-Per-
dew 86 GGA functional [67,68]. Relativistic effects were
dealt with by means of the Zero-Order Regular Approx-
imation (ZORA) [9-14] in connection with specially
optimized basis sets composed of Slater functions [30].
Double-zeta singly polarized, triple-zeta singly- and dou-
bly-polarized basis sets are denoted as DZP, TZP and
TZ2P, respectively as defined in the package. When
required, frozen-core basis sets can be employed where
the orbitals designated as atomic cores are not optimized
in the SCF procedure; these basis sets are denoted as,
e.g. Hgdf. TZP, where shells up to 4f are considered as

@ Springer

Table 6 Calculated coupling constants involving 2%>Tl in the cryp-
tate system

J(TLX) (Hz)

Basis Level X DSO PSO FC FC +SD Total
TZP SC 29571 04 6.4 55769 55776

'H 11 —-09 346 34.8
Mixed SO 2571 04 40.2 55520 55560
Basis set? 'H 11 =07 342 34.6

@ TZP for the atoms also included in the model system. DZP-1s
for the remaining atoms

core shells. ZORA calculations can include only scalar
effects (SC) (the equivalents of Darwin and mass-veloc-
ity) or spin—orbit coupling as well (SO). The nmr and
cpl property modules then allow for the calculation of
these properties in a consistent way.

The structure of HgiJr was optimized at the ZORA
SC/TZP level under the constraints of Cp, symmetry.
Coupling constants were then computed at the ZORA
SO/TZ2P level. The structure of Fig. 11 was optimized
at the ZORA SC level, with a locally dense basis set:
Hg4f TZP for Hg; C1s.DZP, N1s.DZP for C and N, and
DZP for H. The use of frozen-core basis sets was man-
dated by the large size of this system.

For the model Tl (C¢Hg)?t system we ran calcula-
tions at the ZORA SC and SO levels, with TZP and
TZ2P basis sets. For the full system we tested two lev-
els of theory: the ZORA SC level, with the TZP basis
set (at this level we have not included the Spin-Dipole
term in the calculation of the coupling constants); the
ZORA SO level, including all contributions to the cou-
pling constants, with a mixed basis set: TZP for the atoms
also included in the model system and DZP with the 1s
shell frozen for the remaining atoms.
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