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It is my pleasure to introduce Volume 67 of Annual Reports on NMR. As is usual
with this series of reports, contributions from a diverse selection of fields of
research activity are included.

The first area to be covered is ‘Relativistic Computations of NMR Parameters
from First Principles: Theory and Applications” by J. Autschbach and S. Zheng;
V. Blechta provides an account of ‘Applications of Silicon-Carbon Coupling
Constants’; following this is a review of ‘1D Double Quantum Filter NMR Studies’
by N. Chandrakumar; finally B. Baishya, U.R. Prabhu and N. Suryaprakash cover
the “Analysis of Proton NMR Spectra of Strongly and Weakly Dipolar Coupled
Spins: Special Emphasis on Spectral Simplification, Chiral Discrimination, and
Discerning of Degenerate Transitions’.

My thanks go to all of these reporters for their thorough and interesting
contributions. I am also indebted to the Elsevier production staff for their efforts
in the timely appearance of the volumes of Annual Reports on NMR.

G.A. Webb

Royal Society of Chemistry
Burlington House
Piccadilly

London, UK
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Abstract An overview of relativistic theoretical methods to calculate NMR
parameters (nuclear magnetic shielding and indirect spin—spin coupling) of
molecules with heavy nuclei is presented. Computational benchmark data
and a number of case studies are discussed, with emphasis on first-principles
methods (wavefunction-based ab initio methods or density functional
theory). The chapter also contains a brief section about relativistic
computations of electric field gradient (EFG) tensors.

Keywords: quantum theory; density functional theory; chemical shift;
indirect nuclear spin—spin coupling; electric field gradients; relativistic effects

1. INTRODUCTION

The past 10 years have seen a surge in computations of NMR parameters based
on first-principles theory and relativistic methods. Having once been a niche
for specialists, relativistic quantum chemistry is now a mature field of research
and its products have started to enter the mainstream of computational
chemistry. Efficient relativistic computational methods continue to make their
way into popular program packages. It has long been realized that heavy-element
chemistry is significantly influenced by the extremely large electron velocities
caused by high nuclear charges in atoms and molecules. To describe the electronic
structure in such a system calls for a consideration of Einstein’s special relativity.”

Relativistic effects are the differences between the results of a relativistic and
a nonrelativistic calculation. The word nonrelativistic refers here to Galilei’s
principle of relativity where velocities simply add up, as opposed to Einstein’s
relativity principle. Since the laws of nature are relativistic, relativistic effects as
defined here are not observable experimentally. However, when considering the
behavior of elements down the groups and along the rows of the periodic table,
there are numerous trends, reversal of trends, and peculiar behavior of heavy
elements that are clearly attributable to relativistic effects. They contribute to the
observable chemical and physical properties of many atoms and molecules.
Examples where relativistic effects, along with the lanthanoid contraction,
influence chemical properties are the rather small atomic radii of heavy elements
(e.g.,, Cu<Ag~ Au) or the stabilization of low oxidation numbers for heavy main
group elements (TI(I) vs. TI(III), Pb(Il) vs. Pb(IV), etc.). Famous examples are the
special stability of the 6s shells of Au and Hg which are partially responsible for
the color of solid gold and the liquid state of mercury under ambient conditions.
These and numerous other examples have been collected by Pyykko in a seminal
review paper.' It has been somewhat controversial for some time why relativistic
effects are large for valence shells; we will briefly comment on this in Section 2.

Molecular properties are in quantum theory represented by their correspond-
ing operators. If these operators are large, in the vicinity of the nuclei a property

*An influence from gravitational forces between pairs of electrons or electrons and nucleons that would require
general relativity can be safely neglected for chemical phenomena.
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can be particularly susceptible to relativistic effects. This is certainly the case for
NMR-relevant molecular parameters, for instance, for nuclear magnetic shielding
and chemical shifts, indirect or reduced indirect nuclear spin-spin coupling
(J-coupling), or nuclear quadrupole coupling which is particularly important in
solid-state NMR (SSNMR) of quadrupolar nuclei. For NMR parameters of heavy
NMR nuclei such as W, Pt, Hg, T1, and Pb, relativistic effects can be spectacularly
large, in their relative magnitude sometimes far surpassing relativistic effects on
other molecular properties. For somewhat lighter elements (Xe, Te, I, Sn, Cd, etc.),
relativistic effects can still play an important role; particularly noteworthy are
spin—orbit (SO) coupling effects on the chemical shifts of nearby nuclei induced
by heavy p-block elements.

Methodology for relativistic computations of NMR parameters based on first-
principles theory is not quite as widespread as methods to compute structure and
energy. Nonetheless, researchers have now a range of computational methods
at their disposal to perform such computations efficiently and often with
impressive accuracy. Theoretical and computational methods for NMR chemical
shifts and J-coupling were specifically reviewed in 2002.” Ref. 3 is a convenient
source of information regarding magnetic resonance parameter computations
which also contains several chapters specifically dedicated to relativistic effects,
covering literature up to 2003.*° We further note a 2002 review by Vaara et al.
which contains many references to relativistic J-coupling computations,” a review
by Kaupp on relativistic effects on nuclear shielding,” several reviews on NMR
computations of transition metal NMR parameters where relativistic effects were
mentioned,”"" and a number of more general articles on molecular property
computations in which NMR parameters and relativistic effects were consid-
ered.'”"” Biihl has recently reviewed density functional theory (DFT) computa-
tions of transition metal chemical shifts'; this article is a rich source of
information including the most recent computational work on heavy metal
chemical shifts. See also a recent review on ab initio calculations of NMR chemical
shifts'® featuring a section on relativistic methods, as well as the review series on
nuclear magnetic shielding by C. Jameson, and by C. Jameson and A. de Dios, in
the Nuclear Magnetic Resonance, Specialist Periodical Reports series of publications.
Recent years have seen a sizeable number of new applications of relativistic NMR
programs as well as new theoretical developments, thus providing motivation for
writing this chapter, with the aim of collecting some old and new benchmark
data in a single chapter and highlighting results from various applications that
were performed over the past decade. We also take the opportunity to present
some of the underlying formalism in a self-contained manner. Apart from
shielding and spin-spin coupling, a “nuclear” property that is also strongly
affected by relativistic effects and that plays an important role in the
interpretation of SSNMR spectra is the nuclear quadrupole coupling tensor
which is proportional to the electric field gradient (EFG) at the nuclear position.
A short section on relativistic effects of EFGs has therefore been included at the
end of our survey.

This chapter is organized as follows: we will begin Section 2 by describing
some of the theoretical basics of relativistic NMR computations. The first part will
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be devoted to the origin of relativistic effects of valence orbitals in heavy atoms,
followed by an outline of some general aspects of relativistic quantum chemistry
that the reader should be aware of. Next, differences between the well-known
nonrelativistic formalism of Ramsey and various relativistic formulations for
NMR parameters will be discussed. Section 2.6 partially summarizes these
sections by highlighting the origin of SO and scalar-relativistic effects as related
to the perturbation operators. After a discussion of the so-called gauge-origin
problem, and a discussion of how to include dynamic effects, a brief subsection
follows which is devoted to various aspects of analyzing NMR parameters in a
molecular-orbital framework. Section 3 is devoted to case studies and benchmark
data, with emphasis on NMR parameters in heavy transition metal complexes
and molecules with heavy main group elements. Some well-known benchmark
systems such as the H-X series (X = F, Cl, Br, I) will also be discussed because
these and other small molecules keep being used as the main test cases for new
theoretical developments. After a short section on EFGs and their relativistic
effects, some concluding remarks can be found in Section 4.

2. RELATIVISTIC METHODS FOR NMR COMPUTATIONS

Full quantum mechanical studies of molecules involving all degrees of freedom
are rarely undertaken and, for large molecules, hardly feasible at present. NMR
parameters are electronic properties. Thus, in this section we will focus on the
electronic degrees of freedom. The Born-Oppenheimer approximation is
assumed throughout. Correction terms to NMR parameters due to nuclear vibra-
tions and internal rotations may be computed separately; Section 2.8 will be
devoted to this topic. Electromagnetic fields will be treated semiclassically, not as
quantized fields. The program implementations to compute NMR parameters
quantum mechanically as discussed in this chapter are based on these
approximations. We will also focus on closed-shell molecules and forgo a
discussion of paramagnetic NMR."°

In the methodology section, Hartree atomic units (a.u.) are used throughout.
Here, the electron mass m,. = 1, unit of charge e = 1, the proportionality constant
in Coulomb’s law 1/(4ngp) =1, Planck’s constant & =27, and speed of light
cx137.036 a.u. Factors of 1 (e, m,, 1/(4ney), and h/2n) will usually be dropped.
Results are generally computed in these dimensionless a.u. and converted to the
desired units afterwards, for example, masses are in electron masses, lengths in
bohr radii (29 = 52.918 pm), and energies in Hartree (1H = 2,625.5k]/mol). In a
universe with an infinite speed of light, there would be no difference between
Einstein’s special relativity and Galilei relativity and the Schrodinger equation
would provide the correct description of chemical phenomena. Therefore, the
nonrelativistic limit of a particular equation can be obtained from letting the
speed of light c— co. For magnetic properties, we follow the choice of McWeeny’s
textbook!” here, based on equations in SI units that are converted to a.u. using the
conversion factors above. Factors of 1o/ (4r) translate to 1/c? factors in a.u. which
do not indicate relativistic corrections and cannot be set to zero when taking
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nonrelativistic limits. Nuclear magnetic shielding constants are dimensionless
and therefore no unit conversions are needed. Reduced spin—spin couplings K are
converted from a.u. as follows: the SI unit is T?/], or alternatively kg/(m?C?);
thus, the a.u. is m./(a2e?) which is approximately equal to 1.267x10” kg/(m*C?).
In SI units, the nuclear magnetic moment vector potential carries a factor of
Uo/ (4m), the square of which enters the final result for the coupling constant. Due
to its smallness, this 1/c* factor is usually omitted during the computation — to
avoid small numbers — and instead absorbed in the final conversion from a.u. to
SI. The numerical conversion factor from “a.u.” (excluding the ¢* factor) to SI
units is in this case 1.267x10%"/(137.0)* or 3.593x10". Indeed, K-couplings are
often on the order of a few to a few thousand 10" SI units.

2.1 The importance of special relativity in chemistry

Relativistic effects are critically dependent on the nuclear charges involved. To
understand why, it is illustrative to consider the Bohr model: the energy of the
electron in the Bohr model with a nuclear charge Z is E = —Z*/2a.u. which also
happens to be the correct quantum mechanical result (for a point nucleus).
According to the virial theorem, the kinetic energy is T = —E = +Z%/2. Since
in classical physics T = (1/2)mv?, one can infer a “velocity” for the electron
of +Zau. (m.=1la.u., thus v = +/27). In these units, c~137 and therefore a
substantial fraction of the speed of light is reached in atoms with heavy nuclei, at
least in the 1s shell. Relativistic effects in classical physics are on the order (Z/c)?
for a Hg nucleus, this amounts to about 34%.

At first sight, it is perhaps not obvious why relativistic effects should play a
big role in chemistry: the chemical behavior as well as trends in NMR parameters
such as nuclear magnetic shielding and indirect spin-spin coupling is
predominantly determined by what happens in the valence shell of the atoms.
The inner shells shield the nucleus and the electrons should only be exposed to
an effective charge Z.s < Z, where Z. is typically within the same range of
small values no matter what the atom is. Thus, one may expect relativistic effects
in the valence shells of all atoms to be small and not increasing substantially as Z
increases. However, this is not found when performing relativistic computations:
instead, the relativistic effects on valence-orbital energies are of the same leading
order (Z/c)?, not (Zk/c)*, and can even be of similar magnitude, percentage-
wise, as those for core orbitals.'®

Valence orbitals in heavy atoms are orthogonal to inner orbitals. As a
consequence, valence orbitals have tails in the outer and inner core regions.
A possible origin of the relativistic effects on valence orbitals could therefore
be that they are simply reacting via orthogonalization on the relativistic effects of
the innermost orbitals which see the bare or nearly the bare nuclear charge Z.
However, it has been found that this is not the important mechanism'®: instead,
through relativistic modification of the kinetic and potential energy operators, the
valence orbitals afford direct relativistic effects, in particular s and p;,, orbitals.
These effects can be large for valence orbitals in heavy atoms because the inner
tails are exposed to a much less shielded nuclear charge than what would be
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expected for the orbital’s outermost density maximum. These effects have
profound implications for the chemical and physical properties of heavy-element
compounds. Typically, in neutral many-electron atoms, s- and p-orbitals
relativistically stabilize and contract,” whereas d- and f-orbitals expand and
become less stabilized mainly as a consequence of s and p contraction within the
same atomic shell and in the shell with next higher quantum number."” In
molecules, bonds often shorten relativistically (although counter examples are
known) and in many cases the bonds are stabilized. The origin of these effects has
been thoroughly investigated.''®

2.2 Defining nuclear shielding and spin—spin coupling parameters as
second-order energy derivatives

This section contains little new for a scientist who is familiar with NMR but it will
help to introduce some notations needed later. Consider the presence of nuclear
spin magnetic moments m,4, mg, ... of nuclei A, B, ... in a molecule, and a static
homogeneous external magnetic field B. The magnetic moment is related to the
nuclear spin I4 via ma = y,14, where y, is the nuclear magneto-gyric ratio. The
nuclear shielding ¢4 and the indirect nuclear spin—spin coupling K 4p are rank-2
tensors® that can be defined via the phenomenological Hamiltonians

H=—-my(1 —-04)B (1a)
for the shielding tensor and
H= mA[KABmB (1b)

for the spin-spin coupling. ¢4 is dimensionless and usually reported in parts per
million (ppm). I 45 is in SI units given in T?/]J (or kg/(m*C?) and, as mentioned
earlier, it tends to be on the order of one to several thousand times 10" SI units.
The isotropic shielding ¢4 and spin—spin coupling constants K,p are obtained
from (1/3) of the sum of the principal values of the tensors. Just like in the
experiment, the chemical shift J is defined via a reference (ref) nucleus. In terms
of shielding constants, the chemical shift is given as

Gref —0

T 1 = gref
which is to a very good approximation equal to ¢"'—¢ for chemical shifts of light
nuclei where ¢ and ¢™ are small. The approximation is often also used for heavy-
element shifts where shielding constants can be on the order of 10*ppm;
however, this may lead to deviations on the order of a percent compared to (2).
The reference can also be a hypothetical shielding related to a well-defined
spectrometer frequency, as it is customary, for example, for '“Rh NMR.*

()

PHere and in the following, a statement like this refers to a comparison of a relativistic with a nonrelativistic
calculation.

“‘We use fonts like in A, B, C,... to indicate matrices and tensors in this chapter.
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In first-principles theory, the problem is approached as follows: the electronic
energy of the molecule is considered in the presence of the external magnetic
field and the nuclear spins. In a next step, the energy expression is expanded in
a power series (perturbation series) in the magnetic moments and the external
field around B = 0; m4 = 0, mp = 0 which yields

E(ma, mp,B) = EQ + E™V, + E"Byyp + EPB
+ mpAE™A"B) e 4 ,E™ABIB higher orders 3)

Here, a symbol E“ indicates the partial derivative of E with respect to a variable A,
taken at the expansion point, E 4B a second derivative, and so on, and E© the
energy in the absence of the field and the magnetic moments. The shielding and
spin-spin coupling tensors are then, according to Equation (1), given by the energy
terms bilinear in the magnetic moments (f{4g) and bilinear in one of the magnetic
moments and the external field (@4). Thus, by comparison with the phenomen-
ological Hamiltonians (1a) and (1b), one identifies the two bilinear energy-derivative
terms at the end of expression (3) with the NMR K-coupling and the nuclear
magnetic shielding. NMR parameters are “double perturbation properties” (with
respect to the molecular energy as the perturbed quantity). Explicit expressions will
be given later. We will also see later that the first-order response® of the electrons
due to the presence of the field and the nuclear magnetic moment is required to
compute the shielding and K-coupling tensor; therefore, nuclear shielding and
K-coupling may also be called linear response properties of the molecule.

The nuclear Zeeman term —m,-B is not part of the electronic energy. It
accounts for the “1” in (1—0,4) of Equation (1a). Thus, with E being the electronic
energy, one defines

2
o= EmaB) — TE @
8mA6B Ao
B=0
and
&E
I a5 = Elmamp) _ 7 = (5)
6mA6mB

ma=0
B=0

Both expressions are in formal agreement with the phenomenological Hamilto-
nians (la) and (1b). Measured J-coupling constants are related to the rotational
average of the K-coupling tensor as

h
Jap = E 7475KAB (6)

with magnitudes typically on the order of a few to a few thousand Hertz.

dNote that the differentiations are with respect to vectors, that is, the result is a quantity with two indices, one
for a component of each of the perturbing vectors.

¢“Response” means the following here: how, to first order, does the electronic structure change due to (respond
to) the presence of the field/magnetic moments?
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It should be emphasized that chemical shifts ¢ and indirect nuclear spin-spin
coupling constants K are response properties of the electronic system. Their
measurement by NMR obviously relies on the presence of nuclear spins but
the computational result is dependent neither on the nuclear spins, nor on the
magneto-gyric ratios. Therefore, in the “clamped nucleus” approximation,
chemical shifts calculated for different isotopes of the same element are identical.
Isotope effects on chemical shifts, spin-spin coupling, and other response
properties can be obtained from considering vibrational corrections or by treating
the system dynamically. If calculated J-coupling constants are reported, then
obviously the value depends on the isotopes via the magneto-gyric ratios
(Equation (6)), whereas the indirect couplings K are not isotope-dependent unless
vibrational corrections are included.

The take-home message from this subsection is: nuclear shielding and spin-
spin coupling can be computed from second derivatives of the energy as defined
in Equations (4) and (5). The energy E in these expressions is the electronic
energy of the atom or molecule. In quantum theory, this energy can be computed
using approximate methods, among those Hartree-Fock (HF) and DFT, or
explicitly correlated wavefunction-based methods. If the enerqy E is a relativistic
energy, then the NMR parameters afford relativistic effects and the formalism is
applicable to heavy-element compounds. If the energy expression is from a nonrelativistic
theory, the NMR parameters do not include relativistic effects unless added a posteriori.

2.3 Energy and wavefunctions: relativistic vs. nonrelativistic

A brief overview of some popular relativistic quantum chemical methods will be
given here to facilitate the discussion of the NMR operators in various relativistic
schemes and in the nonrelativistic limit in Section 2.5. Much of the discussion
in this section can also be found in ref. 2. Nonrelativistic quantum chemistry
deals with the solution of the nonrelativistic time-independent many-electron
Schrodinger equation

”’:{r\rel\P =YE (7)
or approximations thereof. Here, 'V is the many-electron wavefunction of an atom
or molecule (as mentioned earlier, the nuclei are considered to be fixed in space)
and E is called the total energy. The nonrelativistic Hamiltonian is

~2
Hnrel = Z% + VNe + Vee + VNN (8)
i

It contains the nonrelativistic kinetic energy operator p:/2 for each
electron i, the electron—nucleus attraction potential Ve = —> Aila /rai added
up for each electron—nucleus pair, the nonrelativistic electron-electron

Coulomb repulsion Vee =} ;. ;1/rjj, and the internuclear repulsion potential®

Yy is not an electronic term but usually added to the electronic energy such that E represents a potential
energy surface that can be used to study chemical reactions, nuclear motion, and so on.
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VNN =D paZaZp/Rag. We use i and j for electron labels, r for electron
coordinates, labels A and B for nuclei, and R for nuclear coordinate vectors.
Further, 74; is an electron-nucleus distance, r;; an electron—electron distance, and
Rap a nucleus—nucleus distance. Z4 is a nuclear charge, and p=—iV
the momentum operator in space representation. Since analytic solutions of
Equation (7) for many-electron systems are not feasible, approximations have
to be made.

In relativistic quantum chemistry, Hy, in Equation (7) is replaced by its
relativistic counterpart and ¥ by a relativistic wavefunction. The challenges
of nonrelativistic many-electron theory are present in the relativistic formula-
tion as well, most importantly the electron correlation problem. Hence,
similar techniques are common in order to find approximate solutions, in
particular the use of orbital models, use of DFT, treating the electron correlation
problem by perturbation theory or the coupled cluster (CC) ansatz, or other
common methods. Moreover, it is customary to use basis functions in order to
discretize the equations. Further, there are additional challenges specific to
relativistic quantum chemistry. One of these has for some time been the lack
of a relativistic many-particle Hamiltonian for general molecules derived
from quantum electrodynamics (QED). Relativistic many-electron atomic and
molecular computations often rely on the use of the four-component no-pair
Dirac-Coulomb-Breit Hamiltonian (DCB) or some approximation obtained
from it:

Hpcp = Z(C%P, + Bic®) + VNe + Vee + Z H,] + VN )
i=1 j>i=1

Here, g and  are a set of 4x4 matrices introduced by Dirac in order to obtain
a relativistic wave equation for spin-1/2 particles from the “classical” relativistic
Hamilton function. In its standard representation, 7 is written in terms of the
well-known 2x2 Pauli spin-matrices &5 (not to be confused with the symbol for
the nuclear shielding tensor) as

. 0 & q 1 0
*“\a o)™ ﬁ‘(@ —1>’

where each sub-matrix is of dimension 2x2. See ref. 21 for further details. The
7:{17- (Breit interaction; see, e.g., ref. 22) represents relativistic corrections to Ve,
from magnetic interactions and further accounts for the fact that the electron—
electron interaction is not instantaneous but is transmitted with a finite
speed. It is possible to cure some problematic features of the Dirac-Coulomb
(—Breit) operator by restricting its solutions to the positive energy spectrum,
the eigenfunctions of which are identified with the desired electronic states
(no-pair approxunatlon% ). Although Ti{pcp is in general not truly Lorentz
invariant, it “provides an excellent approximation to the full theory.”*
QED corrections may be added, for example, based on perturbation-theory
calculations.
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Apart from the ﬂ? terms, the difference between the four-component
relativistic and the nonrelativistic Hamiltonian is seen to be the replacement of
the kinetic energy operator for an electron, p*/2 in Hyee, by the term cgp + 2 in
the relativistic Equation (9). This term takes into account, for instance, the
relativistic increase of the electron mass due to high velocities, includes the
electron’s rest mass energy (m.c?), incorporates the electron spin-dependent
terms in the Hamiltonian, and also causes the spin—orbit (SO) coupling. Although
the electron spin needs to be considered also in the nonrelativistic theory in an
ad hoc manner in order to account for experimental facts, a coupling between
spin and orbital degrees of freedom occurs only in the relativistic theory. We
will not explicitly consider the Breit interaction. Its relative importance to, for
example, total atomic energies was found to decrease with increasing nuclear
charge from ~50% in He to ~2% in Hg relative to the one-electron relativistic
corrections.”®

As a starting point for practical computations, the N-electron equation is
usually separated into N effective one-electron equations for one-particle
wavefunctions ; (atomic orbitals (AOs) or molecular orbitals (MOs)). An
explicit treatment of correlation may follow in wavefunction-based methods. In
DFT, the correlation effects are dealt with in the effective potential. For simplicity,
we will refer to one-electron equations with an effective one-electron potential
(or true one-electron systems) in the following, and use the symbol i for a one-
electron wavefunction or orbital. Particular details of common approximations
to treat the correlation problem will not be discussed here.

One way of performing a relativistic molecular computation in order to obtain
a starting point for calculating energy-derivative properties is to use directly the
Dirac equation

Hpyp = YpE (10)

with
Hp = cap+ 3 +V an
Note that we use here the aforementioned notation for (effective) one-electron

equations. Because g and f are 4x4 matrices, the orbital yp has to be a four-
component object (a spinor)

Ui (1)
1,02(1‘)
Vo= |y
Va(r)

12)

for which each component is in general a complex function of space. Due to the
four components and complex algebra, such molecular computations tend to be
quite demanding compared to nonrelativistic ones, and the explicit inclusion of
electron correlation is a formidable task.

Many attempts have been made to transform the four-component
Equation (10) into two-component form, in order to keep interpretations more



Relativistic Computations of NMR Parameters from First Principles: Theory and Applications n

simple® and to reduce the computational effort. Here we will give an account of
some of these methods to illustrate the general idea. When writing 5 explicitly in
terms of the 2x2 Pauli spin-matrices &, the four-component Dirac Equation (10)

reads
. V—-E casp ®

The zero of the energy scale has been shifted in the above-mentioned equa-
tion to +mc?, m = 1, the rest mass energy of the electron, such that bound states
have negative energy as usual in nonrelativistic quantum chemistry. Here,

¥ v
¢ = (wl and y = ,/,3 are the “upper” and “lower” components of the four-
2 4

component orbital yp. In turn, each of these two components is itself made up of
two components. The functions ¢ and y are also frequently referred as the “large”
and “small” components because of the 1/2c prefactor in Equation (14)."
Because of the cgsp terms, the nonrelativistic limit of the Dirac equation is not
immediately obvious from Equation (13) but it leads indeed to the nonrelativistic
limit for c— oo as will be seen shortly.

By multiplying out the terms from the second row of the 2x2 matrix, one
obtains the following equation:

1. ..
1=Xo = ik«rspfp (14)

where

V-E\" 1.
k= <1 —?) , X = Ek?rsp (15)
Equation (14) provides the relation between the upper and the lower components
for an exact solution of the Dirac equation. It means that, in principle, the
knowledge of ¢ should be sufficient since y can be determined from it, or vice
versa. Hence, it ought to be possible to obtain a relativistic equation for ¢ or y alone,
the solutions of which contain the same information (no further approximations) as
¥p. We may call this the fully relativistic two-component approach as compared to
the fully relativistic four-component approach based on the Dirac equation.

In the elimination of the small component (ESC) scheme, Equation (14) is
directly substituted in the equation obtained by multiplying the terms of the first
row of the matrix in (13). This yields the two-component ESC Hamiltonian:

A 1
H™ =V 4 @k (16)

SHowever, so-called picture-change effects occur which may complicate certain operators. See, for example, refs.
18,22,27.

"Depending on the potential and the location, the “small component” can be much larger than the “large” one,
for example, for atomic py,, orbitals close to the nucleus, and therefore the terms “upper” and “lower”
component will be used here.
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with k being defined in Equation (15). In the nonrelativistic limit, for c— co one
finds that k—1. We also note that (o ;5)2 = f;21, that is, a nonrelativistic
Schrédinger Hamiltonian is recovered from the ESC operator (16)

A 1 .
Hnrel =V+ 5 (65 P)z (17)

It is convenient to leave the spin-dependent terms in (17) for the derivation of
certain nonrelativistic magnetic property operators where electron—spin interac-
tions are needed. Another way in which to obtain the nonrelativistic limit is
to multiply (10) with 7:{[) before taking the limit c— oo. Although the ESC
equation is a fully relativistic two-component equation, its Hamiltonian depends
(through k) on the unknown energy E. It is therefore not usable in actual linear
variational calculations.

In order to arrive at an energy-independent two-component equation, a
transformation (Foldy-Wouthuysen transformation) of 7p to block-diagonal
form can be devised as

# = utpu! 18)

In case the transformation makes 7{ block-diagonal and does not introduce an
energy dependence of the operator, this would completely uncouple the
equations for the upper and the lower components and yield the desired two-
component relativistic equation, along with y = X¢, an energy-independent
relation between upper and lower components (see Equations (14) and (15)).
We will omit details here on how to obtain U; for the purpose of this section, it
shall be sufficient to know that approximate forms of this transformation can be
devised. Often, the transformation U is constructed from an approximation for X.
Different approximations for X yield different approximate two-component
Hamiltonians in which the decoupling of the two components is not complete
(but the lower component is neglected anyway, which then constitutes the
approximation). These approximate two-component Hamiltonians are sometimes
collectively denoted as “quasi-relativistic.” For approaches to construct an exact
two-component operator, see refs. 28-30. In recent years, some methodology to
compute NMR parameters from such Hamiltonians has been reported, as will be
discussed later in Section 3.4.1. These methods are not yet in widespread use.
Approximate two-component Hamiltonians have been used for most computa-
tional applications in the NMR field. Some of these will be discussed next.

A rather simple approach is to expand k in (14) to zeroth order in ¢ % The
speed of light is large compared to velocities normally encountered in everyday
life and therefore an expansion in inverse powers of ¢ or ¢ may appear
straightforward. Letting k—1 yields X ~ ¢@,p/(2c?), which results in the famous
Pauli Hamiltonian® after carrying out the transformation (18) with U(X):
~4 n2
b V) < ) 19

HPauli = 7_[ru‘el - @ 8c2 42

(here and elsewhere 1> = —1). The second, third, and fourth terms on the RHS
of (19) are the mass velocity (MV), Darwin (DAR), and SO terms, respectively.
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They represent corrections of order ¢ 2 to the nonrelativistic Hamiltonian. They
modify the kinetic energy of the electron and the electron—nucleus potential, and
introduce the coupling between spin and angular momentum of an electron.
Close to a nucleus, the magnitude of the electron—nuclear attraction potential in V
is very large (it goes to — oo for point-like nuclei). In this case, the term (V—E)/2c?
in k of Equation (15) is not small and expanding k in Equation (14) in powers
of ¢* is not justified. As a result, the Pauli operator affords undesirable
singularities. Moreover, it is not variationally stable and permits only a
perturbational treatment to first order.’*”® Higher-order contributions yield
diverging terms. Variational computations based on the Pauli operator have been
carried out, by using frozen cores and minimal basis sets in the core regions
for valence orbitals, under which circumstances the variational instability can be
kept somewhat under control. Such pseudovariational procedures are now
depreciated. A scalar-relativistic or spin-free relativistic approach is obtained by
omitting the SO term in (19) and other two-component methods. This yields a
one-component formalism analogous to the nonrelativistic scheme with pure
o~ and B-spin orbitals.’

A better justified expansion of k is used to construct the zeroth-order regular
approximation (ZORA)* or Chang-Pélissier-Durand® Hamiltonian. The ZORA
operator can be obtained from the zeroth-order term of an expansion of k in
Equation (15) in powers of E/(2c*>~V), or by letting X ~ (cg,p)/(2c> — V) as the
main approximation when performing the transformation of Equation (18). If we
write k from Equation (15) as

V-—E\! 2¢2 E \!
=(1- = 1 2
k < 2¢? ) 2c2—V< +2c2—V) 0)

the inverse (---)”! may be expanded in a power series in E/(2c>~V). The two-
component ZORA Hamiltonian represents the zeroth-order term of this
expansion, that is, one uses (1+small) ' ~1, leading to the Hamiltonian

~ 1 R A
Hzora =V + E(ﬁs pPIK@sp) (21a)
1. .. 1. . n
= V+5pKp +50(PK) x ] (21b)
where
2
K = 2c 1 22)

22—V 1-V/@23)
The third term in (21b) is the ZORA SO operator. The ZORA operator has
the desirable feature of being variationally stable. The expansion of k in terms
of E/Q2%—-V) is justified in regions where V is small or very large in magnitude
and negative, as long as E remains small. Therefore, the ZORA provides a good

Tt is also possible to separate off a spin-orbit part in the Dirac equation and in four-component perturbation
theories which leaves two components to deal with.
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relativistic approximation for valence orbitals and outer core orbitals with
comparatively small energy, even in the near-nucleus region of a heavy atom. For
core orbitals of heavy atoms with very large E, the ZORA affords substantial
errors. Note the formal similarity to the ESC Hamiltonian in (16), with k replaced
by K. The nonrelativistic limit corresponds to letting — 1 in which case we
also have (pK) =0 and the SO operator vanishes. The ZORA operator affords
contributions beyond ¢ in the relativistic perturbation order, yet some other
contributions of order ¢~ and higher are missing due to the approximate nature
of the operator. Conceptually, the ZORA operator has the disadvantage of not
being invariant with respect to a change of the origin of the energy scale (gauge
invariance), as can be seen from the fact that only V but not (V—E) occurs in the
operator. The standard choice for the potential is V(r) >0 for r— co. Some of the
resulting problems can be circumvented by a “scaling” procedure or by the use of
frozen-core potentials or model potentials for the construction of K. For example,
the “sum-of-atomic-potentials approximation” (SAPA)”® was shown to be a good
approximation. In the SAPA, one uses V =3,V in the denominator of K,
where local atomic potentials V! are taken, for instance, from density functional
computations of the neutral atoms.

Improved regular approximations have been developed to cure certain
deficiencies of ZORA. Dyall and van Lenthe” introduced an “infinite-order
regular approximation” (IORA) which, however, is not the same as an infinite-
order expansion of Equation (20). The IORA Hamiltonian includes all relativistic
terms of order ¢~ correctly. Unfortunately, the development effort in particular
for magnetic properties is quite a bit more involved than when using the ZORA
operator.38

A different way of transforming the Dirac Hamiltonian to two-component
form is used in the Douglas—Kroll-Hess (DKH) method. Here, U in Equation (18)
is obtained via subsequent transformations that uncouple the upper and lower
components to some order 7 in ¢~ which can be written as

U,=/1+ W24+ W, or U,=¢e" (23)

or by using other possible parameterizations® for U, with W, being anti-
Hermitian. For Uy, the FW transformation for the free electron is used. To higher
orders, equations for W, have to be solved in order to achieve further
uncoupling. Already with U; (the DKHI1 level), a substantial fraction of
the relativistic effects is recovered but for magnetic property computations
the better choice is to go to second order (DKH2) or higher. We refer the reader to,
for example, ref. 25 for details and original references. In particular due to the
work of Hess and coworkers,®” the DKH method has been established as a
reliable tool in quantum chemistry for the computation of heavy-element
compounds. To some extent, the ZORA and the DKH method to lowest order
yield quite comparable results for many molecular properties. As an advantage,
the DKH method does not suffer from a gauge invariance problem and
it is significantly more accurate for core orbitals. The improved accuracy
comes at the expense of a somewhat more complicated formalism in particular
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when incorporating terms from external or internal magnetic fields or
SO coupling. Fortunately, a number of developments for magnetic pro-
perties within the DKH framework have been reported in the literature in
recent years*’™* but these methods have not been applied as widely as, for
example, ZORA.

In order to arrive at a relativistic perturbation theory that avoids the infinities
of the Pauli Hamiltonian to higher orders, so-called “direct” or “Dirac” four-
component perturbation theory (DPT) can be employed. By a change of metric
between upper and lower components in the Dirac equation (13), an expansion
of the resulting four-component equation in powers of ¢ 2 is straightforward
and leads to nonsingular first- and higher-order expressions for E and .*>*
A treatment of magnetic properties has been described in detail in the
literature.*® For an implementation of magnetic properties, see, for example,
ref. 49. Perturbation expansions tend to become computationally rather
expensive to evaluate in high order. At the same time, first-order relativistic
perturbation theory may not be sufficient to describe relativistic effects on
properties of molecules with such “strongly relativistic” elements as Au, Pt, Hg,
Pb, etc. A variational procedure (Dirac, regular approximations, DKH, etc.) might
be easier to implement and computationally less expensive than a higher-order
perturbational method for relativistic effects.

As an alternative to the aforementioned methods which incorporate relativity
directly into the calculations, the use of relativistic effective core potentials (ECPs)
allows for consideration of relativistic effects in molecular computations.
Inclusion of SO coupling is also possible in these methods. Extensive benchmark
calculations™ have shown that ECPs can yield very reliable properties of heavy-
element compounds. For genuine valence properties (see Section 2.6) where
the core tails of the valence orbitals are not of concern, pseudopotentials are
straightforward to apply in property computations. For magnetic properties such
as NMR shifts or spin—spin coupling, the all-electron electronic structure near the
nuclei needs to be reconstructed. Some authors have taken such an approach in
projector-augmented plane-wave computations.”’”* In this chapter, we will not
discuss the use of ECP or projector methods in detail but focus on computational
approaches where relativity is directly taken into consideration in the
Hamiltonian.

As already mentioned, the potential V in the equations in this section might
not simply refer to the external potential (e.g., V.) for one-electron systems but
to an effective many-electron potential. In this case, V appearing in the relativistic
operators accounts in a mean-field sense for some relativistic effects on the
electron—electron Coulomb repulsion 1/7;;. The explicit transformation of 1/7;; to
two-component form yields in order ¢~ a two-electron Breit-Pauli SO and a two-
electron Darwin operator. The transformation of the ﬂij terms of Equation (9) to
two-component form yields further two-electron terms. Use of an effective
(mean-field) electron-repulsion potential in V in the one-electron SO and Darwin
operators accounts, to some extent, for some of the two-electron terms. Indeed,
on formal substitution of the potential V) in the Pauli SO operator (19) by
the electrostatic potential Vj; =1/r;; between two electrons, one obtains the
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electron—electron SO operator

% = 12 Z a(DI(p;Vij) x pil (24)

i#]

and analogously the two-electron Darwin operator. The correct derivation would
involve an order-c 2 transformation of the DCB Hamiltonian to two-component
form.”” Using an effective potential in the one-electron kinetic energy and SO
operators of other two-component Hamiltonians (e.g., ZORA) also yields mean-
field approximations of their corresponding two-electron operators. Other two-
electron terms have to be added explicitly, that is, their contributions are not
covered in a mean-field sense when an effective potential is used in the one-
electron part of a two-component relativistic operator. For example, the interac-
tion of the spin of one electron with the orbital angular momentum of another
electron (the spin—other orbit (SOO) interaction) is often considered in its
Breit-Pauli form:

H0 = LS a0l Vi) ) (25)

i#]

Mean-field approximations to compute matrix elements of this operator effici-

ently have been used successfully in molecular property computations as well.”

2.4 Computing energy derivatives to second order

In Section 2.2, it was shown that nuclear magnetic shielding and spin-spin
coupling tensors can be obtained from computing second derivatives of the
energy. In Section 2.3, a selection of methods has been outlined by which a good
approximation of the relativistic energy, or the nonrelativistic limit, can be
computed. The next step toward a relativistic NMR method is to take the energy
expectation value expression (‘¥ normalized)

= (VY|H|¥P) (26)

evaluated using the computational method of choice, and to differentiate twice,
with respect to m, and B (shielding) or with respect to m, and mp (spin—spin
coupling). We will formulate the approach assuming exact wavefunctions but it
should be kept in mind that the derivation has to be carried out specifically for
the approximate energy expression. Expressions valid for DFT will be given at
the end of this subsection. The derivations are somewhat simplified if the energy
is variationally optimized (example: HF, DFT, and configuration interaction
methods). For nonvariational energies (e.g., for correlated Moller—Plesset
energies or in CC methods), additional equations need to be solved to obtain
the derivatives.

Let 4; and /, be two general perturbations, such as m,4, mg, or B or an electric
field, for instance. The first-order derivative of (26) with respect to 4; is

~ (71)

EW) — (\p(O) |H |l{1(0)> 27)
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(note that the derivative is evaluated where A;, 15, ... =0). To arrive at the
last equation, use has been made of the fact that the other two terms involving
Y obtained from differentiating (26) vanish (Hellmann-Feynman theorem).
Expanding each term in (27) in a power series in 7, and keeping terms to first
order in A4, 4, then y'ieldsj

EC172) — (O |77 Oy 4 oRep 7 plia)y (28)

As one should expect for the energy as a “well-behaved” function, the order of
differentiation does not matter (interchange theorem). Thus, one can choose the
perturbation to compute %2 such that the computational effort or the program
development effort or both are minimized. Now the term “linear response” when
designating the second-order energy property becomes obvious: it is necessary to
know how the wavefunction of the molecule changes in response to at least one
of the perturbations. This is the linear response of the electronic structure to the
perturbation.

Computing Y2 s usually the computational bottleneck. Through an
expansion of HY =W -Ein 4, on collecting terms linear in /,, the equation to
determine W2 is

W) 4 7 Opt2) _ \plia) | O 4 O | pl2) (29)

(M) ( z) and ,H( 1,42)

H

(linear response equation). Thus, H
the second-order energy.

The linear response equation is usually solved in a basis set expansion, based
on the approximations made to treat correlation. If we knew all the ground- and
excited-state wavefunctions of the unperturbed system, these functions may
be used as a basis set to represent ¥*2). Substituting ¥*?) = >iz0¥ (O)C in (29)
and equating the unknown coefficients C; yields

(42)
(‘¥ b4
pla) _ Z\P H | 0) (30)

j#0 Eo —

are needed to compute

where the superscript (0) has been dropped everywhere on the right-hand side.
The perturbation is calculated for the ground state. From now on, wavefunctions
and energies without a perturbation-order superscript are assumed to be those of
the unperturbed system. Substituting this last equation into the expression for
E"1%2) equation (28), yields the “sum-over-states” (SOS) form for a second
energy-derivative/linear response property:

ol 1) 0 7 9oy

11,2 (1, }2)
EY) = (, 2) Re 31
(Yol H ) + ; Fo—F, 31

The perturbation parameters appear symmetrically which shows again that
the result is not dependent on the order in which the derivatives are taken.
The SOS equation is impractical to use because it requires the knowledge of all

(%1) (41) (A1)

Note that with 7:t bemg a Hermitian operator, (‘l’(o)lH [Py 4 (‘l—’"z’lH [P0y = 2Re<‘l’(0)|’}-t [Py,
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excited-state wavefunctions. With a finite basis set, there are a finite number of
excited states but these are typically still too many for the SOS equation to be of
practical use. Instead, it is faster so solve (29) for a perturbed set of wavefunction
parameters (e.g., MO coefficients) without taking the detour via the excited
states. However, the SOS equation is useful for qualitative interpretations. For
example, because of the energy gap Eo—E; in the denominator, one may expect
a relatively large contribution from low—lymg exc1ted states for which the
perturbation matrix elements (‘{’olH |‘P) and (‘P0|H |‘{’> are large.

In calculations of magnetic properties, the (¥y |H(1 2 [Wo) term in (28) is
called the diamagnetic term while the SOS part is called the paramagnetic term.
Likewise, there are diamagnetic (bilinear) and paramagnetic (linear) perturbation
operators.

We can now write down the expressions for the shielding tensor and the
K-coupling tensor in wavefunction notation:

o4 = Eq. (28) with 41,7, — ma,B (32a)
Kap = Eq. (28) with 41,2 — ma,mp (32b)
The corresponding SOS equations are
oa =Eq.(31) with 41,7, —» mu,B (33a)
Kap =Eq. (31) with 41,2, — mu,mp (33b)

Finally, it is useful to take a look at the corresponding expressions in DFT
because DFT has been used for many of the computational studies of NMR
parameters employing relativistic methods, in particular on larger systems. The
energy is now written as a functional of the electron density p which in turn is
obtained from a set of Kohn-Sham (KS) molecular spin-orbital® ¢; (MOs), that is

occC

E=Epl  p=) oo (34)

where the MOs are obtained from the KS equations

[il + Vuxcle; = @i (35)

with &; being the orbital energy. The one-electron part of the KS operator, h,
contams the electron—nuclear potential V and the nonrelativistic kinetic energy
term p°/2 or one of the relativistic operators of Section 2.3 (two- or four-
component, or a scalar-relativistic version). The orbitals have one, two, or four
components, accordingly. Further, Vijxc represents the sum of the Coulomb
(“Hartree potential”) and the DFT-specific exchange-correlation (XC) potential.
Vixc is an example for the aforementioned effective potential in MO-based
methods. In computations using a basis set expansion of the MOs, one also
obtains a large number of unoccupied MOs. Similar in spirit to using the
unperturbed excited-state wavefunctions in Equation (30), one can also write the

*The notation is based on a set of N singly occupied spin-orbitals for the N-electron system.
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perturbation of each MO on the basis of the unoccupied orbitals,1 that is,
PP = YU C,i is solved for the unknown coefficients C,;. These coefficients
can be used to compute the linear response of the molecule’s density, spin
density, and current density to first order which is then used, similar in spirit as
the perturbed wavefunction in Equation (28), to compute a second-order energy
derivative.™ Using lowercase symbols for the perturbed operators in the KS DFT

scheme, the expressions for the shielding and the K-coupling are in DFT given as

occ occ unocc ~(B) (B) ~(mp)
~(m4,B) (ilh + L]—[xc|§0a><(ﬂu|h ;)
op = E i|h ) +2 E E Re (36a)
A : (ol |o;) 2 po—

1

occ occ unocc ~(mp) (my) ~(mp)
7 (mp.mp) \h + Vi h :
Kin = (oli" ") +23" Y Re'?! iclPalt 100 )
i a

& — &

where a complete basis set was assumed. In a DFT computation, one needs to
evaluate the first-order perturbation of the Vyjxc potential which is usually done in
a self-consistent field (SCF) procedure, by solving the “coupled-perturbed KS
equations.” These are the DFT response equations obtained from perturbation
expansions of (35). With functionals that do not depend on the current density
(which includes all nonhybrid density functionals) and perturbation operators that
are imaginary (e.g., the one for B), the contribution Vg))(c is zero. Such a situation is
usually referred as an “uncoupled” DFT perturbation method. The result can then
be simply computed from the perturbation operator matrix elements and the SCF
step of the response calculation can be skipped. Qualitative interpretations of the
above equations may focus on small orbital gaps in the denominators, for instance,
or the magnitudes of the matrix elements in the numerators.

The perturbation of Vixc does not appear symmetrically in the DFT expres-
sions for the shielding and the K-coupling. This is a consequence of the
derivation: the perturbed orbitals are only calculated for one of the perturbations,
just like for the derivation of Equation (28) or (31) in exact wavefunction theory
the perturbed wavefunction is only needed for one of the perturbations.
However, the reader is reminded that this result was based on a simplification
of the first-order derivative (Equation (27)) where terms containing ¥ were
eliminated. This is done for computational efficiency. If these terms are kept,
YA @i2) and PA1) enter the expression for E“1%2) with a lot of canceling
terms in the final expression. Likewise, if in DFT the Hellmann-Feynman
theorem is not exploited for the first derivative step, E*1*2) will contain terms
from V%gc, V%()C, and V%(’é”with a symmetric appearance of each perturbed
term. It should be pointed out that the results of Equations (36a) and (36b) are

'This approach does 1ot approximate the excited states by orbital to orbital transitions or the excitation energies
by orbital energy differences, despite the fact that the resulting equations may suggest so.

"For magnetic perturbations, one should rather use a current-density functional theory in which magnetic field-
dependent terms are built in right from the start. Numerous benchmarks have shown, however, that applying
the approach in DFT (nonhybrid or hybrid) is rather successful. Further, some studies have reported that the
contributions from the current density-dependent part of the functional are small at least as far as NMR nuclear
magnetic shielding in light atomic molecules is concerned.”
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nonetheless independent of the order of differentiation, that is, the perturbation
superscripts may be interchanged.

To compute the shielding tensor, it is generally more efficient to solve the
response equations for the external field. In turn, the shielding tensor can be
computed for a large range of nuclei at little additional cost. If the opposite order
of differentiation is chosen, the program would need to solve the coupled-
perturbed KS equations for each of the nuclei of interest, which is usually the
computational bottleneck, in particular when hybrid functionals are used.

2.5 Perturbation operators for NMR: relativistic vs. nonrelativistic
approaches

To obtain the complete expressions for the NMR parameters, it remains to derive
the perturbation operators from the nonrelativistic or relativistic Hamiltonians.
We will consider the perturbation operators for the nonrelativistic case, for the
approximate two-component ZORA and DKH1 formalisms, and for the four-
component case. Among the available approximate two-component approaches,
ZORA was selected as a representative example for a number of reasons, two of
which are: (i) there have been numerous applications in the NMR field indicating
that for NMR chemical shifts and spin-spin coupling it is a very good approxi-
mation to the fully relativistic treatment, and (ii) the magnetic perturbation
operators can be easily derived in closed form allowing for an easy side-by-side
comparison with the nonrelativistic and the four-component case. The DKH 1
case provides an interesting comparison with ZORA.

We will focus on the most important one-electron operators here and only
briefly comment on perturbation terms arising from two- electron operators that
is, the Hamiltonian for an N-electron system is written as 7 = >N /i(i)+two-
electron terms, and we focus on the various perturbation operators obtained from
expanding / in terms of m,, mp, B, etc. From Section 2.4, it can be seen that for
nuclear shielding and spin—spin coupling the operators linear and bilinear in 11,4,
mp, and B are needed. For magnetic properties, the approach is as follows: one
makes the “minimal substitution” p — p + A for the momentum operator in &,
where A is the magnetic vector potential. Its relation to the magnetic field is

B=VxA 37)
There are two sources of magnetic fields: the homogeneous static external field B
for which the following expression is generally used for the vector potential:

1
At = — 57X B (38)

The last equation satisfies (37). Then there are the magnetic fields arising from the
nuclear spins. If these fields are caused by a set of nuclear point dipoles m 4, mg, ...,
the corresponding vector potential is

Nuclei Nuclei
1 m
AU _ § :AnuC(r) E % (39)
A A

Modifications to treat extended nuclei can be made in (39).
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We will discuss the nonrelativistic case first. Substitution of p — p + A in the
nonrelativistic one-electron Hamiltonian yields

vt (11, ..., B) = B + iy (4, 1, ..., B) (40)
with hg)r)el =p*/2+V and”
~pert 1 N N A N 2
hmel=§(Ap+pA+ws[pr+Axp]+A) (41)

Substituting A = A**+A™“ into the above equation, with A" from Equation (38)
and A™° from Equation (39), yields the one-electron magnetic perturbation
operators

~pert ~D] ~0Z ~SZ ~OP ~DS ~FC ~SD ~OD

B =h +h +h +h +h +h +h +h (42)
with
szM = %(r x B) - (r x B) (43a)
]:lozz_ﬁe.Bz—%(rxfa)-Bz—%i,-B (43b)
~SZ . 1
h 2_”5.32555.3 (43¢)
~or 1 N
— 1 m, (:3_/* « p) (43d)
A A
~DS 1 A ra
~FC  ~SD 1 N raA rA
h +h =2C22A:ors{mA(V-ri) —(mA'V)&] (43f)
o0 _ s Z (my -mp)(ry - TB)3 3(mA rg)(mp - 14) (43g)
2ct rATs

Here, (43a) is the operator for the diamagnetic magnetizability, (43b) the orbital
Zeeman term, (43c) the spin Zeeman, (43d) the paramagnetic orbital, (43e) the
diamagnetic shielding, (43f) the Fermi-contact+spin dipole, and (43g) the
diamagnetic orbital term, respectively. The terms (43d)-(43g) are the nuclear
hyperfine terms. The individual FC and SD operators, in particular the well-
known ¢ function for the FC term, are obtained by explicitly carrying out the
differentiation of r4/r5 in (43f).° The first term on the right-hand side of (43f)

"The spin- dependent terms are only obtalned if the substitution is made in the kinetic energy operator written as
in Equation (17) usmg Qwsp) instead of p* (see the text following Equation (16)). The derivation makes use of
(7,A)(@B) = AB + igs - (A x B) for general vector operators A and B.

°Using Vi(r;/r®) = (41/3)d;j - 6(r) + (3 /r°) — (3rirj /7).
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yields 3/2 of the FC operator, while the second term yields —1/2 FC plus the SD
operator. One obtains the more familiar expressions

~FC 41
25(1’A)mA Gs (442)

3

isp _ 1 3@ ra)ma-ra) — rima -Gy (44b)
22 "

In (43b), p, = —(1/2)(r x p) = —(1 /Z)I: is the magnetic moment operator for an
electron’s orbital motion which is proportional to the angular momentum
operator L. By comparison of (43b) with (43c), the magnetic moment operator
with respect to an electron spin degree of freedom is fi, = —,/2. Since the spin
terms in nonrelativistic limit have been obtained from the Dirac equation, the
electronic g-factor is exactly 2 and not written explicitly. Experimental evidence
and more sophisticated theoretical treatments show that the correct value is
rather g.~2.0023.... The electronic g-factor can be included via factors of (g./2)
in the spin-dependent operators where applicable. In the operator list, the
nuclear Zeeman terms, —m4 - B for each nucleus, were omitted because they do
not contribute to the electronic energy of the molecule.

The perturbation operators are now obtained from dlfferentlatmg hmel with

respect to m,4, mp, and B as prescribed in Section 2.4. h and h are obtained
from differentiating the OP, FC, and SD operators with respect to one of the
nuclear spin magnetic moments.P It is customary to use the same names for
the perturbation operators, too, that is, the OP, FC, and SD perturbation operators

are obtained. An alternative name for OP is “paramagnetic spm—orbltal” (PSO).

7 is obtained from differentiating the OZ and SZ terms. R4 is obtained

from differentiating the OD operator twice with respect to two different nuclear
magnetic moments. An alternatlve name for this operator is “diamagnetic spin—

orbital” (DSO). Finally, 7"+ is obtained from differentiating the DS with respect
to the field and one of the nuclear spin magnetic moments (hence the name of the
operator). Substituting these operators for the perturbation operators in the SOS
equation (31) in Section 2.4 yields the famous Ramsey equations for nonrelativistic
nuclear magnetic shielding and spin-spin coupling.”>”® The DM operator is not
relevant for NMR but would be needed, for instance, to calculate the
magnetizability of a molecule.

Now compare the nonrelativistic limit with a two-component relativistic
formalism. We use the ZORA as an illustrative example. Substitution of
p — p+ A in the ZORA operator (Equation (21a)) yields

~ (0) ~pert
hZORA(mA9 mpg, .. B) ZORA + h;gRA(mAy mp,... aB) (45)

1 . A(my) ~(mp) -
PThe bilinear operators OD and DS do not contribute to & " and i"™ because the derivatives are taken at
my =0, mp =0, B=0, that is, after the differentiation one sets all remaining perturbation parameters to zero in
which case the first derivatives of the bilinear operators vanish.
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with fz(Z()C))R A as in Equation (21a) and

~per 1 . n R .
Wora = 5 (KA + AKp + iglp x (CA) + A x (Kp)] + KA?) (46)

Letting K =1 yields perturbation terms that are identical to the nonrelativistic
ones (Equation (41)). Indeed, the limit c— co in K leads to L — 1 as already
mentioned in Section 2.3, which represents the nonrelativistic limit in the ZORA
formalism. The nonrelativistic limit is therefore obtained term-by-term and thus,
when substituting A = A A into (46), with A% from Equation (38) and A™*
from Equation (39), a two-component ZORA analog for each of the operators
DM, OZ, Sz, OP, DS, FC, SD, and OD is obtained. They differ from the
expressions (43a)-(43g) by the presence of K which regularizes the operators at
the nuclei. One could think of this as “kinematic factors” that take care of the
high velocities of the electron near the nuclei. Instead of giving a list of all
operators, we shall focus on a few examples. The DM, DS, and OD operators
simply contain an additional factor of K in all terms. The ZORA analog of the
sum of FC and SD operators obtained from (46) is

o = - ZZ% [mA( {/c :AD (my - V)[ H @7)
A A

The ZORA analog of the Fermi-contact term itself is given by (2/3) of the first
term in thr above equation, that is

s
o =332 (7 (<3 ) “
A
and the ZORA SD term by the remainder of the operator. For nuclear point-
charge potentials with Z approximately 118 or less, the factor of K in the ZORA
hyperfine terms regularizes the operator and as a result there is no actual
“contact” (delta-function like) term for point nuclei.? Thus, there is a profound
difference between the relativistic and the nonrelativistic operators for finite
speeds of light. The overall mechanism is still similar, though: the relativistic
version of the FC operator mainly samples the values and slopes of s-orbitals
very close to the nuclei. If £ = 1, one can differentiate the r4 /75 terms to obtain
the familiar J-function expression for the FC operator. The OP operator is also
obtained in a form resembling (43d), but again the operator’s singular 1/r%
behavior is regularized by the presence of K and its behavior very close to a
nucleus is quite different from the nonrelativistic OP operator:
~OP 1 r . r N
hZORAzﬁzA:(mmlC[r—?xp}%—mm[éxp}K) (49)

A

9If nuclei were point charges, the four-component Dirac equation would not be applicable for nuclei with
charges Z>c~137. The breakdown of the ZORA for magnetic perturbations before Z = 137 is reached is a
consequence of its approximate character and the strongly singular behavior of A™; too strong singularities
such as from a point magnetic dipole for Z> 118 cannot be regularized. There would be no such problems with
extended nuclei.
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Nonetheless, the overall mechanism for OP and interpretations based thereupon
are similar to the nonrelativistic limit, for example, the operator acts somewhat
like an angular momentum operator centered on nucleus A. We will see in
Section 2.6 that in two-component methods, new cross terms between FC and OP,
for instance, arise that do not contribute at the nonrelativistic limit or in spin-free
relativistic theories. For the ZORA analogs of other magnetic perturbation
operators, we refer the reader to the original literature on ZORA NMR.”" As in
the nonrelativistic case, differentiation of these magnetic operators with respect
to m,, mg, and B yields the ZORA analogs of the various perturbation operators
to be used in the second derivative expression for the energy (Equation (28)) to
compute NMR parameters.

Regarding other two-component methods mentioned in Section 2.3, the
Breit-Pauli operator affords severe singularities for Coulomb potentials (point
nuclei) and the magnetic perturbation operators associated with it are not so well
behaved either. Within a first-order perturbation scheme to treat relativity, that is,
keeping relativistic terms to order ¢~ ? only, response functions for molecular
properties can still be calculated in many cases. The perturbation operators
can be derived analogous to the ZORA case, that is, after minimal substitution in
the Dirac Hamiltonian the resulting operator is transformed to the approximate
two-component form. Some of the operators that arise from this transformation
are obtained when substituting p — p + A in the one-electron Pauli Hamiltonian
(Equation (19)). An extensive list of operators relevant for magnetic resonance
has been glven by Manninen et al.®’ See also the books by Moss® and
Harriman.’

For comparison with ZORA where the relativistic corrections in the operator
show up as relativistic “kinematic factors” K in the operators (which approach
unity in the nonrelativistic limit), it is also illustrative to take a look at the
magnetic perturbation operators in the DKH formalism. We follow the derivation
of Melo et al.*® Let (m. = 1)

E, +¢2 ¢
pCyP e 2E, Ep+ 3 0

The perturbation operator in the DKH1 scheme (first-order DKH) is then*’

ey = c(K[RPA + PARIK + ioK[Rp x A + p x ARIK) (51)

Here, K and R can also be thought of kinematic factors modifying the operators
compared to the nonrelativistic limit. Because of the frequent occurrence of p?, the
DKH operators are usually computed in a basis where the operator p” is diagonal
and subsequently transformed back to the original basis representation. A
diamagnetic term of order A” is not obtained at the DKHI level. In the
nonrelativistic limit, E,—~c®, K—1, R—»1/(2c), and the paramagnetic part of hnrel
is obtained (Coulomb gauge). The expressions for DKH2 are lengthier but also
contain similar kinematic terms. At the DKH2 level, a diamagnetic operator is
obtained which has the nonrelativistic DS operator as its c— oo limit. See refs.
43,41 for explicit expressions and further details.



Relativistic Computations of NMR Parameters from First Principles: Theory and Applications 25

In the four-component picture, the derivation of the perturbation operators is
quite straightforward: substitution of p — p+ A in the part of the Dirac
Hamiltonian that contains p, that is, in cgp yields

~ 0 er|
hp(ma,mg,...,B) = h( : +hpD t(mA,mB,...,B) (52)
with ﬁg) as in Equation (11) and
flpDert = cgA(r) (53)

Thus, with A" from Equation (38) and A™ from Equation (39), the one-electron
operators accounting for magnetic fields are

Nuclei

~mag c 1 mp X714
fp® =~ (rxB)+5 Yy AXA 54
b 2% (rx B) 2c* = ri‘ (54)

These operators look very different from the nonrelativistic and the two-
component operators. Perhaps most notably is the absence of operators that are
bilinear in the perturbations which is a direct consequence of the fact that p

~(m,mp)
appears only linear in the Dirac equation. Therefore, there are no terms hy, e

and h contributing to the second energy derivative (28). However, it has
been shown that a diamagnetic contribution to a second-order derivative
property is indeed contained in the four-component scheme. It has been
numerically traced back to the contributions from negative energy eigenfunctions
of Hp if the complete spectrum of this operator is used as a basis set to represent
Y2 in Equation (28),°’ even though there is only a paramagnetic perturbation
operator (53). The role of the negative energy states for diamagnetic shielding has
also been pointed out by Pyykko in early theoretical work on NMR chemical
shifts.”* For a recent in-depth discussion, see ref. 65. Recent work by Liu and
coworkers has been aimed at ways to simplify the four-component treatment of
nuclear magnetic shielding®®®’; the issue of diamagnetic terms has also been
addressed in these works. See also ref. 68.

The absence of derivative operators (p or V) in (54) is in stark contrast to the
derivative-containing operators in the two-component methods or in nonrelati-
vistic theory. Derivative operators implicitly enter the formalism via 3 which
couples the upper with the lower components of the orbitals/wavefunction.
Recall that the upper and lower components are linked by a derivative-
containing operator as in Equation (14) and it becomes clear that the lack of
derivative operators in (54) is somewhat deceptive. It was shown explicitly in
refs. 69-71 how the matrix elements of (54) approach the nonrelativistic limit and
how the derivative operators enter the expressions along the way.

We note in passing that additional magnetic perturbation operators are
obtained from making the minimal substitution in relativistic two-electron
operators such as the two-electron SO and Darwin terms, or in the SOO term (25).
The use of these operators in NMR calculations has been discussed, for example,
in refs. 53,72-74. It was already mentioned that some of the two-electron
contributions (but not the SOO-related terms) are obtained in a mean-field sense
when using an effective potential in place of V in the one-electron perturbation
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operators. Previous experience with two-electron SO contributions indicates that
their relative importance decreases in comparison to their one-electron counter-
parts when the nuclear charges become larger.”*>*7*7

2.6 Contributions from the various operators to shielding and
spin—spin coupling

Consider the various perturbation operators that may be obtained from
differentiating magnetic operators such as those derived in the previous section.
In the nonrelativistic and two-component relativistic methods, the various
one-electron mechanisms contributing to the nuclear magnetic shielding and the
spin-spin coupling may be written as given in the following sub-sections, using
for convenience a SOS formulation.

2.6.1 Nuclear magnetic shielding
04 = (¥o|DS"4P|¥0)
(Wo|(OP + FC + SD)"™4)|\¥;) (¥|(OZ + SZ)'®' | ¥y)

23R
+ ,; e oo F, (55)

where, for example, OP™4) indicates the first derivative of the nonrelativistic one-
electron OP operator or of a two-component analog thereof (e.g., (43e) and (49))
for each electron with respect to m,, and similar for the other operators. The first
term in (55) is the diamagnetic shielding. In the paramagnetic (the SOS) part, the
leading contribution which is present in both nonrelativistic and relativistic
calculations is the OP-OZ term." For a closed-shell molecule, if SO coupling is
absent (i.e., in the nonrelativistic or a scalar-relativistic method), this is the only
paramagnetic contribution. As can be seen from Equation (55), there are also
(FC+SD)—-0Z, (FC+SD)—-SZ, and OP—SZ mechanisms. However, for a spin-free
closed-shell system, their contributions vanish.

It is helpful to recall the analog of (55) in a MO-based formalism (Equation
(36a)) to see why these mechanisms vanish: FC and SD are spin-dependent
operators (triplet operators). They perturb o- and B-orbitals in equal but opposite
ways, causing a spin-density perturbation in the atom or molecule. The OP term
is spin-independent (a singlet operator) causing a paramagnetic current-density
perturbation in the system. It acts equally on o- and B-orbitals. Thus, in a closed-
shell system where a- and B-orbitals come in pairs with identical spatial parts,
all (FC+SD)—OP contributions summed over the o-orbitals identically cancel
those summed over the B-orbitals. All terms involving the nonrelativistic SZ term
cancel for the following reason: this operator has no spatial component, thus its
matrix elements involve the spatial overlap between occupied and unoccupied
orbitals (or in the SOS formula the overlap between the ground- and excited-state
wavefunctions) which is zero.

"OP-OZ meaning the sum in (55) containing only (q”oIOP(mA)Pl’]’)<\l’]’|OZ(B)“‘l"0> matrix elements in the numerator.
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If SO coupling is nonnegligible, the orbitals are not pure o- and B-orbitals
anymore, and complete cancelation between spin-dependent and spin-indepen-
dent mechanisms does not occur. Thus, for nuclear magnetic shielding in two-
component theories, there are SO shielding terms involving a (FC+SD)—0Z
mechanism, as well as contributions from the two-component form of SZ. These
are the celebrated SO contributions to the shielding which enter the paramagnetic
(SOS) part of the shielding expression. Numerical studies have indicated that
the FC—OZ term tends to be the dominant one. Its interpretation is often given as
follows: the OZ operator resulting from the external field acts differently on the o
@i (r)
ol ()
causing a spin-density perturbation in the molecule which is “picked up” by the
FC (and SD) mechanisms at the nucleus of interest. One may also interpret
the formula with FC+SD as the initial perturbation, inducing a current density in
the SO coupled system which is then “detected” by the OZ mechanism.

and B components of a two-component orbital ¢;(r) = ( ), thus in effect

2.6.2 Indirect nuclear spin—spin coupling
IKap = (Wo|OD"4™9 W)
¥o|(OP + FC + SD)™4)|¥)) (¥;|(OP + FC + SD)™"#|¥,)

(
R
+2 jzoj e F (56)

The diamagnetic contribution to the K-coupling tensor is obtained from the
derivatives of the OD operator. The diamagnetic part of the spin-spin coupling is
often small, although counter examples are known.”” The various paramagnetic
mechanisms are usually separated into the spin-dependent mechanisms FC—FC
(“FC mechanism,” often dominant), FC—SD+SD—FC (“FC—-SD cross term”,
anisotropic), SD—SD (SD mechanism, sometimes important), the spin-indepen-
dent mechanism OP—OP (“paramagnetic mechanism,” often large for couplings
involving p-block elements), as well as SO cross terms between spin-dependent
and spin-independent operators, such as FC—OP, etc. The latter vanish in a
nonrelativistic or scalar-relativistic treatment for the same reasons as outlined
above for the SO terms in the shielding tensor, that is, there is complete
cancelation of the contributions from the o- and B-orbitals. If SO coupling is large,
the FC—OP and other SO cross terms can become quite large (e.g., for heavy p-
block diatomics).
Relativistic effects on NMR parameters may show up in several ways:

1) Via spin-free (scalar) relativistic effects on PO and wima) @B along with
scalar-relativistic modifications in the operators. That is, based on the
previous two equations, one of the main differences between nonrelati-
vistic and relativistic calculations is the behavior of the operators and of
the wavefunction/orbitals in the vicinity of the nuclei.

>i1) Via SO coupling terms. For instance, as we have seen that for a closed-shell
system, all cross terms between spin-free operators and spin-dependent
operators cancel in the absence of SO coupling. However, these cross
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terms can become quite large if SO coupling is substantial, such as for
elements in the 5d block, actinides, or heavy p-block elements.

(iii)  Relativistic effects may substantially alter the geometry of the molecule.
This may be considered an indirect effect that shall not be analyzed further
in this chapter. That is, we assume that a comparison between relativistic
and nonrelativistic results is made for the same (experimental or
relativistically optimized) geometry.

In four-component methods, all scalar-relativistic and SO contributions are
contained in a single, formally paramagnetic, term. As already mentioned, the
diamagnetic contributions are implicitly contained in the four-component
relativistic results. In a matrix formulation in a basis set, diamagnetic terms
may appear explicitly®®®” if the formalism is suitably chosen.

2.7 The gauge-origin problem for the nuclear magnetic shielding

The DFT expressions (36a) and (36b) assume in their derivation a complete basis
set. The SOS equations assume exact wavefunctions. In practice, the basis sets are
finite, of course, and wavefunctions and the electron density are approximate.
For the shielding constant and other molecular properties that depend on an
external magnetic field, using equations that were derived for the complete basis
set limit leads to origin-dependent results, a problem that is intimately related to
the following situation: adding the gradient Vf of any scalar function f(r) to the
vector potential A does not affect B = VxA, because VxVf(r) = 0. Therefore, A is
undetermined up to adding Vf (“gauge freedom”). Note that the balance between
paramagnetic and diamagnetic terms depends on the gauge chosen for A. Often, f
is chosen such that VA = 0 (Coulomb gauge).

A different gauge of A can, for example, be chosen implicitly by adopting a
different origin for the coordinate representation of A which can be seen from
Equations (37) and (38): shifting the coordinate origin by a constant vector a,
that is, changing r to r—a in Equation (38) has no effect on the field calculated as
B = VxA because Vxa = 0. For the strongly inhomogeneous magnetic field from
a nuclear spin, there is a natural gauge origin, which is the position of the
nucleus. For the homogeneous external field, however, the gauge origin is
arbitrary. Although for a large class of variationally determined wavefunctions
in a complete basis the calculated properties would not depend on the chosen
gauge, this is not generally true for incomplete basis sets'” and care needs to be
taken that origin-independent results are computed. Presently, the standard
remedy is to adopt a “gauge includin§ atomic orbital” (GIAO) basis set (also
frequently referred as “London AOs”).”*”” This eliminates the origin dependence
in variational methods such as HF, KS DFT, multiconfigurational SCF (MCSCEF),
or variational CI theories, and often also leads to improved basis set convergence
of the response property. Other methods to cure the origin problem are also in
use, including the “individual gauge of localized orbitals” (IGLO),” a “localized
orbital/local origin” (LORG),”” or applying a “continuous set of gauge
transformations” (CSGT).*” Magnetic properties computed with nonvariational
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methods such as CC theory do not in general become origin invariant in a
GIAO basis.”!

The use of GIAOs leads to additional terms in the DFT expressions for the
NMR shielding given in Section 2.4 and other magnetic properties which arise
from basis function derivatives with respect to the external field amplitude.
In a complete basis, these terms cancel.**** For qualitative interpretations of DFT
results, it is often appropriate to use Equation (36a) but for quantitative analyses
the additional terms need to be explicitly considered.

2.8 Vibrational and thermal averaging; isotope effects

Computations of NMR parameters are usually carried out at a single optimized
geometry, or for a few low-energy conformations if a molecule has multiple local
minimum structures. As already mentioned, nuclear magnetic shielding and
reduced indirect nuclear spin—-spin coupling are electronic properties indepen-
dent of the nature of the nuclei.

Since nuclei vibrate in molecules, a possible dependence on the nuclear
masses may arise through vibrational corrections. These corrections, in turn, may
be temperature dependent if the excited vibrational modes afford different
vibrational averages for the property under consideration. Vibrational averages
of a molecular property P, such as NMR tensor elements but also other
properties, can be calculated to lowest order in an expansion around the value P,
obtained for the equilibrium structure as

I« 1 [P hoj 1 hao\ (&P
<P)T = Pe — Z zl: h_a)] (a—ql> zj: coth (ﬁ) kl]] + Z zl: coth (ﬁ) (6_qlz> (57)

where T is the temperature, o; the fundamental vibrational frequency of normal
mode number i with dimensionless normal coordinate g;, and k;;; one of the cubic
force constants.®* *° The expression also yields a vibrationally averaged structure
by considering P as the set of nuclear coordinates in the system. Other authors
have chosen to expand the PES around the effective geometry which yields a
simpler expression for the vibrational average® (but for T-trends these
expressions would require to repeat the averaging at a different expansion point
for each temperature). For application of vibrational averaging in nonrelativistic
NMR computations, see ref. 88. Since the vibrational models depend on the
nuclear masses, Equation (57) or alternative formulations can be used to compute
isotope effects as well. There have not yet been many applications of vibrational
averaging techniques in computational NMR studies employing relativistic
methods (other than with scalar ECPs); as an example, we cite an investigation of
the *Tc shielding and Tc-O spin-spin coupling constants in the TcO; ion in
water.®”” The authors used a ZORA DFT computational method including SO
coupling. The computations reproduced the increase of the Tc shift by about
2ppm between 280 and 320 ppm, temperature effects on K(Tc—O), as well as
isotope effects on K(Tc—O) and 6(Tc) very well. Biihl et al. have applied
vibrational averaging in computations of the NMR of metal complexes quite
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extensively; we refer to ref. 14 for further details and references as well as
applications using nonrelativistic NMR programs.

If the molecule under scrutiny has several local minimum structures,
temperature effects on NMR parameters might occur due to a change in the
mole fractions (Boltzmann populations) for each conformer. Another possibility
to obtain thermally averaged molecular properties is to use molecular dynamics
(MD) or Monte-Carlo-type (MC) simulations at finite temperature. Effects
due to vibrational distortions of the molecule are also included in such
simulations. However, often in such simulations, the nuclei are treated as
classical (nonquantum) particles which means the approach is in many aspects
complementary to the vibrational averaging procedure outlined above which
is based on treating the vibrations as quantum harmonic oscillators with
perturbational anharmonicity terms. In MD/MC, a thermal average of a NMR
parameter can be obtained from averaging a large number of configurations. See
ref. 90 for an early application of this technique to average NMR parameters
for metal complexes (vanadium, nonrelativistic NMR computations). For an
application to a relativistic system, see, for example, Sgiegel et al’s computa-
tional study of the binding of cisplatin (cis-[Pt(NH3),CL,]**) to DNA oligomers.”"
The authors reported that the MD average yielded only qualitative agreement
with experiment, with large error bars of the MD averages due to a noted strong
sensitivity of the Pt shift to structural parameters. Scalar ZORA DFT computa-
tions were employed for the Pt chemical shift averages. Our group has recently
employed MD as part of a study designed to find out why Pt chemical shifts are
difficult to compute.”” We will provide further details in Section 3.4.3.

2.9 Analyzing NMR parameters from first-principles computations

It is sometimes helpful to know which regions in a molecule or which orbitals
contribute most to a molecular property in order to understand, for example, why
it affords or does not afford large relativistic corrections. The electron density of a
molecule may be analyzed in detail, for example, by using topological analyses.”
Contributions to the energy per orbital can be calculated straightforwardly although
for the energy itself this approach is not as common as for energy-derivative
properties when using canonical delocalized MOs. Localized orbital methods such
as natural bond orbitals (NBOs) have been used extensively for bond energy
analyses.”* Energy decomposition methods to separate steric, electrostatic, etc.,
terms”” also remain to be very popular.”” One can devise analysis methods for
energy-derivative properties as well. For instance, suppose there is a one-electron
property P with an associated operator P(7). The expectation value is

P = (¥|Py) = / dt ds - W*(1,5)PW*(1,s) = / d°r - P(r) (58)

where, after integration over spin (s) and all but one spatial coordinates in , the
integrand of the remaining 3D integral may be called the “property density”
function P(r). From (58), one can identify regions of space that contribute the most
to the property. For a first-order energy-derivative property, the approach
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is straightforward; one may use Equation (27) and thus P = V. For the second-
order derivative (to analyze NMR parameters), the operator is more complicated.
It can be written in SOS form as P = ﬂ(ll’)ﬁ + Z]-#O(I?Ai(ﬂl)l‘l’j) (‘Pj|7:lu2)|)/
(Eo — Ej) + c.c. (and similar for its MO counterpart). Nonetheless, spatial analyses
are possible in this way.

Another intuitive way for partitioning expectation value integrals is obtained
in molecular-orbital methods. Typically, in this case a property can be written as
a sum over integrals involving the occupied orbitals, or sums of terms involving
occupied—unoccupied terms such as the expressions (36a) and (36b). Instead
of partitioning the sum per spatial contributions from the integral, one carries
out the integration for each MO pair separately. As a result, the property is
partitioned per MO or MO pair instead. Such analyses have been performed
extensively for NMR parameters using the canonical MOs directly as in
Equations (36a) and (36b). For the MO basis, a localized or a delocalized descrip-
tion may be chosen which often yields complementary information about the
origin of the property. In (KS) DFT, an orbital partitioning of energy and properties
is essentially built into the formalism since the electron density is constructed from
a set of KS MOs. In correlated wavefunction-based methods, one can, for instance,
express the density matrix in terms of natural orbitals which would also lead to a
convenient orbital-based partitioning of one-electron properties.

NMR parameters have been analyzed extensively using various decomposition
methods. Occupied—unoccupied contributions straight from Equations (36a) and
(36b) are available in many codes. As examples, we mention the relativistic ZORA
NMR DFT programs developed by Ziegler and coworkers.”®”® Other analysis
methods can be devised, based on transformations of the orbital basis and/or the
integrands. Cremer et al. have studied a large range of “nonrelativistic” molecules
with various decomposition schemes for spin-spin coupling.”'®> NBOs and
natural localized MOs (NLMOs) as devised by Weinhold”* have been applied to
analyze nonrelativistic J-coupling'™*'% and nuclear shielding.'"” Malkina and
coworkers'®'% and Soncini and Lazzeretti ''*'"" have employed density-based
methods to study nonrelativistic spin-spin coupling pathways. See also ref. 112.
Autschbach et al. have studied light and heavy atomic systems by scalar-
relativistic and nonrelativistic methods and decomposed spin-spin coupling into
contributions from AOs, canonical MOs, and Boys-localized MOs.""*""° Recently,
we have extended the formalism for NBO/NLMO analyses for two-component
relativistic DFT, for both spin-spin coupling''® and nuclear magnetic shielding
(using a GIAO basis).""”"'® Some of the results obtained with these relativistic
localized orbital analyses will be discussed in Section 3.

An orbital partitioning can be complementary to a space partitioning. For
example, suppose the integrand in Equation (58) indicates that a property has
large contributions from the core regions in the molecule (the regions very close
to the nuclei). An orbital analysis might indicate that the core orbitals are the
main contributors. In this case, it would be reasonable to identify the property as
a core property. The NMR nuclear magnetic shielding is a good example for such
a property. On the other hand, an orbital partitioning might determine instead
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that valence orbitals are the biggest contributors to a property for which a spatial
analysis finds that core regions play a big role. This appears contradictory. We
note, however, that valence orbitals have core tails. The two analyses can be
reconciled if it turns out that the core tails of the valence orbitals near the nuclei
determine the major contributions to the property. In this case, the interpretation
would be that the property is determined by the valence orbitals, but that it
strongly weighs the atomic core regions because the property operators are large
there. A prime example for such a valence property determined by the core
tails of the valence orbitals is the indirect NMR nuclear spin-spin coupling
(J-coupling). Another example is the NMR chemical shift for which most of the core
region—core-orbital contributions cancel and only the core region—valence-orbital
contributions are of importance (along with semicore (outer core) contributions).
EFGs also fall into this category. A third, rather clear-cut, scenario is one where the
spatial analysis indicates that the origin of the property is the valence region,
and the orbital analysis finds that the valence orbitals are responsible for the
property. In this case, the property would reasonably be identified as a valence-
shell property. The electric polarizability is an example for such a property.

Core and valence orbitals are directly impacted by relativistic effects. For
valence-shell properties, particularly large relativistic effects are obtained if the
property operators are large in the core regions of the heavy atoms. According to
Section 2.5, large relativistic effects should therefore be expected for heavy-nucleus
chemical shifts or J-couplings of heavy nuclei because the nonrelativistic hyperfine
operators sample the near-nucleus regions via their r4/r5 terms or derivatives
thereof, and as we have seen this is similar for their relativistic analogs. For such
properties, relativistic effects can be very large indeed — to the point where the
notion of a relativistic correction becomes fuzzy. What is the meaning of a 100% or
even larger relativistic “correction term”? It would probably be more appropriate
to speak of (approximately) correct vs. incorrect instead. Genuine core properties
may also afford very large relativistic effects. For other valence properties that do
not specifically sample the near-nuclear regions, relativistic effects are often of
similar relative magnitude as those on the binding energies. Examples are dipole
moments, polarizabilities, vibrational frequencies, or excited-state properties.

In Section 3.2, spatial and orbital contributions to the nuclear spin-spin
coupling in the PbH4; molecule will be used as an example for the types of
analyses discussed in this section. A corresponding analysis of '*°Pt chemical
shifts will also be presented in Section 3.4.3 and additional spin—spin coupling
examples will be discussed in Section 3.5.3.

3. BENCHMARK DATA AND CASE STUDIES

3.1 Acronyms used

In this section, we will frequently use some acronyms for various computational
methods. Some of these have been introduced earlier: DFT for density functional
theory, HF for Hartree-Fock, and SO for electronic SO coupling.
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We will use SC occasionally to designate a scalar-relativistic or spin-free
method, that is, excluding SO coupling. “Pauli” or “Breit-Pauli” will be short for
computations using the Pauli operator excluding or including two-electron SO
terms, either variationally with frozen cores or as a perturbation. DKH2 will
be used for the second-order DKH-transformed relativistic Hamiltonian, and
DKH for generic references to this method. ZORA refers to the zeroth-order
regular approximate Hamiltonian, and “Dirac” will occasionally be used to refer
to four-component relativistic methods. ESC refers to elimination of the “small
component schemes.” DKH, ZORA and higher-order regular approximations,
Dirac, etc., are variational relativistic methods. Some of the relativistic benchmark
data cited later were obtained with variational Pauli-operator computations.
Although for some time it has found widespread application, this method is now
depreciated because of its variational instability. The Breit-Pauli operator is still
used extensively in computations where relativistic effects are treated as another
perturbation. Acronyms for correlated ab initio methods are: MCSCE, MP2
(second-order Moller-Plesset), and CC.

The acronyms HALA and HAHA'" are sometimes used in the context of
relativistic NMR computations: HALA refers to a heavy-atom effect on light-
atom NMR parameters, and HAHA are heavy-atom (relativistic) effects on the
heavy-atom’s own NMR parameters.

3.2 Illustrative examples for the influence of relativity: the FC term in
PbH,4 and the spin—orbit shielding in HI

It is illustrative to first discuss small molecules to demonstrate the influence of
relativity on NMR parameters. The plumbane molecule, PbH,, has often served
as a benchmark molecule for computations because it contains one of the heaviest
NMR nuclei but does not have other electron-rich ligands that would lead
to overly CPU-intensive computations. Consider the Pb—H spin-spin coupling
constant. Some benchmark data for the Pb-H coupling in PbH, and other
plumbanes are listed in Table 1. In particular, the more recent DFT computations
based on hybrid DFT and including spin-free and SO effects reproduce the
experimental data quite well. Regarding the overall significance of the relativistic
effects: nonrelativistic computations typically yield results of only half the
magnitude, that is, with the nonrelativistic results as the reference, the relativistic
“corrections” are on the order of 100%. SO effects on K(Pb-H) are quite noticeable
but much smaller than the scalar-relativistic effects. The MCSCF computation by
Kirpekar and Sauer did not include scalar-relativistic effects but it reproduced
the magnitude of the SO effect on K(Pb-H) very well.

As we have seen in Section 2.5, the “contact” operator (FC) is the one that
samples the electronic structure right at the nuclei. Its relativistic analogs sample the
very near-nuclear regions. This operator — because of its large prefactor® — tends

*4n/3~4.2 for FC compared to OF, which means the FC-FC mechanism has an order of magnitude larger factor
than OP-OP.
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Table 1 Reduced Pb—H spin—spin coupling constant in plumbanes, in 10%° T2)~"

PbH, Pb(CHs),H, Pb(CH;)sH
Spin-free ZORA
PBE? 118 95.9 86.1
PBEO? 134 112 103
BP86/Xa" 132 107 97.8
Spin—orbit ZORA
PBE? 110 88.0 78.6
PBEO? 126 104 95.0
BP86/XoP 123 98.3 89.1
Selected other literature data®
IORA BLYPH 127 109
TORA B3LYP 137 121
Dirac HF® 182 167
MCSCF+Pauli SOf 48
Nonrel. MCSCF! 56
Expt.8 (112) 98.7 92.3

“DFT with nonhybrid PBE and hybrid PBEO functional (ref. 120).

PDFT with nonhybrid BP86 potential and Xu response kernel (ref. 60).

“For semiempirical data for PbHy, see refs. 125,126. For a DFT study with frozen cores using the scalar
Pauli operator variationally, see ref. 127.

ISpin-free DFT calculations using an infinite-order regular approximation (IORA) (Filatov and

Cremer™®).

“Four-component basis Hartree-Fock computations (Enevoldsen et al.'*'). A scaled value for PBH,
based on a correlated nonrelativistic calculation to account for electron correlation was given as 138.3.
‘Nonrelativistic MSCSF computations with first-order corrections from the Pauli SO operator,
Kirpekar and Sauer.'*

8Experimental value for PbH, extrapolated from the experimental data for the methyl derivatives
Pb(CH3);H and Pb(CHj3),H,. Experimental data from ref. 123. An alternative experimental value for
Pb(CHs3);3H is 94.6, from ref. 124.

to dominate most coupling constants, including K(Pb-H) in PbH,4, and should also
be the one that samples relativistic effects most effectively. Figure 1 demonstrates
the strong influence of relativity and the importance of the core regions on the
Pb-H spin-spin coupling: in Figure 1, the FC-like contribution to the Pb-H
coupling is partitioned spatially, as in Equation (58), and shown as a radial integral
around the Pb nucleus. We observe a number of details that are typical for spin—
spin coupling involving heavy elements: overall, there is a huge relativistic increase
in K(Pb-H) which, percentage-wise, far exceeds relativistic effects usually found for
structural parameters and bond energies of sixth-row element compounds.
Obviously, a bond will not contract 100% due to relativity, and a molecule that is
only very weakly bound nonrelativistically, but moderately strongly bound in the
relativistic case, might afford a very large percentage bond energy correction. But
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Figure 1 K(Pb—H) spin—spin coupling constant of PbH, obtained from a radial integral of a
“coupling constant density” (cf. Equation (58)) around the Pb nucleus, from spin-free ZORA
and nonrelativistic (nrel) DFT computations with the VWN local density functional.’’ The total
computed coupling constant is obtained as rp, — c0. FC-type mechanism only. ZORA+steep
means that a range of high-exponent (“steep” and “tight”) functions was added to the basis
set in order to describe the relativistic effects near the Pb nucleus better. A point nucleus was
used for the computations. The size of the Pb nucleus is indicated in the figure.

the large relativistic increase of the already large Pb-H coupling constant indeed
nicely illustrates the very strong effect that relativity has on this NMR parameter.

We further note that most of the difference between ZORA and “nrel” results
from regions less than about 1/100bohr radii around the Pb nucleus. The
nonrelativistic result is strongly determined by this region to begin with, and
most of the relativistic effects also contribute in this region. This finding
highlights the fact that the operators that are involved are large near the nuclei.
Another important finding is the large increase observed for K(Pb-H) when high-
exponent basis functions are added to the basis set in order to describe the
nuclear tails of the orbitals better. In general, computing relativistic NMR
parameters requires basis sets that are very flexible in the near-nuclear region.
For a point nucleus, the analytic solutions of the one-electron Dirac equation
exhibit weak singularities for s;,, and pj,, orbitals. In a regular basis set, this
behavior can be approximated by adding high-exponent (“tight”’) basis functions,
which is necessary in particular if properties with “contact”-type operators are of
interest. In Figure 1, it is seen that the additional increase in K(Pb-H) indeed
results from regions very close to the nuclear radius. Although with finite nuclei
no singular terms arise, the importance of the near-nuclear regions — and
therefore basis sets to describe the electronic structure there — would be
quite similar. The case is further illustrated in Figure 2 which shows the
electron density of the Hg atom obtained from numerical DFT computations.
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Figure 2 Electron density of the Hg atom in the near-nucleus region, from numerical DFT
computations.”® The difference between ZORA and Dirac is in part due to the picture change,
and in part due to the ZORA approximations.

In a previous paper,”” we argued that adding too many tight functions to a basis
set to describe the strong increase of the density for radii less than the nuclear
radius is not particularly desirable. Treating the point nucleus correctly in this
respect would likely lead to an overestimation of the “contact” term magnitudes.
The problem is somewhat alleviated if the basis set is restricted to provide good
coverage for regions outside the nuclear radius. Numerical evidence has been
provided in ref. 71. Ultimately, though, when considering the data shown in
Figure 1, it is clear that for computations of nuclear spin—spin coupling it would
be best to adopt a finite-nucleus model.

We have recently revisited the PbH, case (along with other molecules) and
studied the coupling constant with an analysis method based on using spin-free
relativistic localized orbitals."’® An analysis per canonical MO was also carried
out. The results are illustrated in Figure 3. Both spin-free and SO results are
provided. The important conclusion from the orbital decomposition is that the
coupling constant is determined by the Pb-H bonding orbitals (i.e., by the
valence shell) along with sizeable contributions from the Pb 5s orbital. The result
for this and other molecules studied in ref. 116, results from other relativistic
analyses of spin-spin coupling,''*''* as well as, for example, results from
analyses of nonrelativistic spin-spin couplings performed by Ziegler and
coworkers'**'* therefore suggest that spin-spin coupling is predominantly a
valence-shell property (cf. Section 2.9). Since the spatial analysis (Figure 1) yields
most of the contributions from the core region, the origin of the property can
be traced back to the core tails of the valence orbitals. Indeed, very similar results
are obtained for the spin-spin coupling in PbH, if a frozen core (1s—-4d) is
used (this was explicitly demonstrated in ref. 59 for Hg—C coupling constants,
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Figure 3 Pb—H spin—spin coupling in PbH, analyzed in terms of spin-free localized orbitals
(here: natural localized MOs®*). ZORA DFT computations from ref. 116 with the PBE functional.
Spin-free/spin—orbit results reported in units of 10?°T?)~". Contributions from the Pb 5s
orbital are: spin-free 24 and spin—orbit 24. The combined PBE results shown here differ slightly
from those of Table 1 because of a different basis set used for H and small differences in the
geometries used.

the corresponding Pb data are unpublished). The main contribution is — as one
might expect — from the Pb-H bonding orbital for the pair of nuclei under
consideration. The analysis also finds three equivalent negative contributions
from the other Pb—H bonds which are somewhat less intuitive and which do not
show up in the light atomic analog methane. The computations indicated that the
electronic structure in PbH, is quite a bit more delocalized than methane. In other
words, each Pb-H bond is delocalized over the other three bonds. The loss
of localized charge density in the bond shows up as negative contributions to
K(Pb-H) from other orbitals as well as in a positive contribution from the Pb-H
bonding orbitals that is significantly higher than the total K.

SO effects on nuclear magnetic shielding constants have been studied
theoretically for quite some time before scalar-relativistic effects for shielding or
spin—spin coupling were considered. It has been known for a long time that the
shielding of nuclei in the vicinity of a halogen strongly increases as the halogen
nuclear charge increases. This leads to a decreasing shift of atoms neighboring
X =F Cl, Br, I, with increasing nuclear charge of X which is called “normal
halogen dependence” (NHD). An example is the proton shift in the hydrogen
halides H-X. It had been argued already in the late 1960s'*' that SO coupling
must be responsible for the increasing shielding of the proton along the series.
Computational studies of the proton shielding in the HX series date back
to the 1970s, when perturbation approaches employing the SO part of the
Pauli operator together with semiempirical LCAO wavefunctions have been
used.”* 3% Gince then, numerous computations have confirmed that the
NHD is induced by SO coupling. As an example, Figure 4 shows data from
MCSCF computations by Manninen et al. who included relativistic effects
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Figure 4 Proton chemical shift of HX, X = Cl, Br, I, with respect to HF. MCSCF computations
including (rel) or excluding (nrel) first-order (Breit—Pauli) relativistic corrections to the
shielding constant. Computational results were taken from Manninen et al.®' Experimental
data as quoted in ref. 130. The straight thick line indicates where calculated = experiment.

2 161

perturbationally to first order in ¢™~ at the Breit-Pauli level.”” The relativistic
results are in good agreement with experiment and demonstrate the large SO
effect, in particular for HI. A compilation of literature data for the HX series can
be found in Section 3.4.1. The physical mechanism of NHD is related to that of
spin-spin coupling in some sense since in both cases a contact-type mechanism
(FQ), and also SD, is involved.'®>'3® The situation has been outlined in Section 2.6:
around a heavy atom where SO coupling is strong, the external magnetic field not
only induces a paramagnetic current density but also a spin-density perturbation.
This perturbation transfers through the chemical bonds and causes nonvanishing
spin-dependent terms in the shielding tensor at light neighboring nuclei via the
(FC+SD)-OP mechanism.

There is of course also a possibility that the FC+SD-OP mechanism picks up
this spin density at the heavy atom’s own nucleus. This would be an example for
a HAHA effect on a heavy-atom nuclear magnetic shielding. As we have seen in
the PbH, example, the “contact” FC-like terms can become very large for heavy
nuclei and therefore large SO effects on their shielding tensors must be expected,
along with other relativistic effects affecting, for instance, the paramagnetic
mechanism. Further examples of HAHA and HALA effects on NMR chemical
shifts will be given in Section 3.4.

3.3 When are relativistic methods needed for NMR computations?

It should be clear from the discussion in Section 3.2 that use of a relativistic
computational method is mandatory if a spin-spin coupling constant
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involving a heavy nucleus is of interest, that is, for heavy-atom-light-atom or
heavy-atom-heavy-atom couplings. Because of the importance of the core tails of
valence and outer core orbitals, an all-electron method (or a reconstruction of the
all-electron orbitals) is required which means that for such coupling constants the
straightforward use of an ECP on the heavy atom is not applicable. Numerous
benchmarks, some of which will be discussed below, have shown that for
elements from the sixth row of the periodic table relativistic effects on one-bond
couplings involving one heavy nucleus may exceed 100% of the nonrelativistic
value. Relativistic effects on coupling between two nuclei can be even larger.
Available data on coupling through multiple bonds are still rather scarce but if
there is a heavy nucleus on one end a relativistic method should certainly be
used. Since spin—spin coupling is also quite sensitive to electron correlation, the
computation should be done with a post-HF wavefunction method or at the DFT
level. Relativistic effects of roughly an order of magnitude smaller should be
expected for atoms from the fifth row of the periodic table (with comparatively
large corrections from both scalar and SO effects in the p-block, thus calling for a
relativistic treatment of coupling constants with Te, I, and Xe), and correspond-
ingly smaller for lighter atoms. Relativistic effects on coupling constants
involving elements such as Se can still be on the order of 20% which exceeds
the accuracy limit of popular DFT methods. For lighter elements, relativistic
corrections are needed for high accuracy computations.

The same considerations about ECPs apply to heavy-nucleus shielding
constants/tensors. Spin-free ECP computations for heavy-atom shielding have
occasionally been undertaken'®”"'*” but even though some of the available data
indicate that chemical shift trends of the correct direction might be obtained
(but with grossly erroneous magnitudes) using this approach should be strongly
discouraged. Because the shielding itself is not observed directly but rather
the chemical shift (Equation (2)), a large portion of the relativistic effects
on the shielding may cancel in the chemical shift. The available data indicate
that chemical shifts of 4d transition metals and lighter atoms are often well
reproduced with nonrelativistic computations,'* and for qualitative estimates the
nonrelativistic approach may be extended even to somewhat heavier atoms.
Once relativistic effects significantly change the bonding features in the valence
shell, nonrelativistic computations of heavy-atom chemical shifts should not be
considered reliable. This certainly applies to the 5d metals and heavier elements.

A situation where a spin-free ECP can be applied straightforwardly is when
coupling between light atoms or a light-atomic chemical shift, for instance, in a
heavy metal complex, is of interest. This applies to situations where the heavy
element is quite well treated by a spin-free relativistic method (i.e., SO HALA
effects are negligible) and/or if the light atoms are far away from the heavy atom
and HALA effects are small altogether. Since such computations are nonrelati-
vistic in essence, we will not consider applications of scalar-relativistic ECPs in
this chapter. The range of applicability of scalar-relativistic ECPs might be limited
in NMR computations: as we have seen, chemical shifts in the neighborhood of
heavy atoms are often strongly influenced by SO relativistic effects; see Section
3.4.1 for further examples. Regarding spin—spin coupling, the authors of ref. 140



40 J. Autschbach and S. Zheng

concluded from a study of K(H-H) in Hy,Y (Y = O, S, Se, Te) that the SO effects
may yield the dominant contribution for HALA effects as is the case for many
nuclear shieldings. A large relativistic change of K(H-H) in PbH, has been
predicted using four-component HF computations.'*! On the other hand, ref. 122
reports rather small SO corrections to K(H-H) in PbH,, based on a nonrelativistic
HF wavefunction with SO coupling included as a perturbation. Likewise, HALA
effects on chemical shifts might be quenched. For example, in a recent study of
fluorine chemical shifts in fluorine-tantalum clusters, we did not find large SO
effects although their inclusion improved agreement with experiment.'*' In an
another study, it was shown that H-D coupling constants in dihydrogen and
dihydride heavy metal complexes were not strongly affected by SO coupling'**
and therefore computational studies of such complexes may proceed at the
scalar-relativistic level or by using a spin-free ECP. See refs. 85,143,144 for
examples of computational studies on these fascinating systems.

If the molecule under scrutiny contains heavy p-block elements or a 5d metal
and one is interested in NMR parameters in the vicinity of these heavy atoms, it is
advisable to test for sizeable SO HALA effects, at least for some representative
systems or a model system, before proceeding with scalar-relativistic computa-
tions. If benchmarks show that SO effects can be neglected for the desired
accuracy level of the computations, the use of a scalar ECP or a scalar-relativistic
all-electron Hamiltonian such as DKH and ZORA offers the most efficient way
for NMR computations of such systems.

When discussing various applications in the following sections, we will put
emphasis on computations that were based on a variational relativistic method (i.e.,
using a relativistic zeroth-order Hamiltonian along with the accompanying pertur-
bation operators). A number of computational studies where relativistic effects
(usually SO coupling) were treated by perturbation theory will also be discussed.

3.4 Chemical shifts in heavy-element systems

3.4.1 Benchmark data, spin—orbit effects, halogen dependence

The intriguing case of the proton shift in the HX series, where X = E, Cl, Br, I, has
been discussed in Section 3.2. Numerical benchmark data are provided in Table 2
which were obtained with a variety of computational approaches (uncorrelated,
correlated ab initio, DFT, various levels of relativistic treatment, and various levels
of basis set convergence).

This series is arguably the most frequently used benchmark set of molecules
for relativistic NMR implementations, due to the strong SO shifts (HALA) for the
heavier X, significant HAHA effects on the shielding of X, and the availability
of theoretical as well as experimental data. Another advantage of this series as a
benchmark set is that electron correlation effects are quite noticeable. From the
dates in the table, the reader will notice a steady stream of new developments for
computations of relativistic NMR shielding tensors. We have excluded some of
the available computational studies where data for the systems with lighter X
were not reported or where the study focused on analyses of a subset of the
relativistic contributions.®®'**'** The currently most accurate point-nucleus
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Table 2 A selection of computed proton chemical shifts in HX where X = Cl, Br, |

—o1,* (method/year) cl Br |

nrel® rel nrel rel nrel rel
Semiemp. PSO°/1973'* 8.02 824 1124 1385 13.08 20.92
Semiemp. PSO/1978%'* 2.1 2.7 575  10.0 322 168
REX /1987413 0.45 3.35 11.01
HF PSO/1995%'%° 243 317 257 7.72 3.07 1893
HF DKH2 PSO/1996%4° 1.92 269 236 7.87 0.04 19.93
DFT PSO/19968'%" 1.68 2.31 1.23 5.34 161 1324
DFT PSC/1997148 14 15 1.7 1.8 2.1 2.3
MCSCF PSO/1998"73 1.98 257 219 6.04 274  14.68
DFT Pauli/1998"'%° 1.43 5.34 11.79
HF scalar DKH2/1999%'4° 2.08 217 2.39 3.06 2.62 495
HF Dirac/1999"!° 2.39 313  2.82 8.21 332 20.11
HF Dirac/1999"'>! 2.68 491 10.71
DFT SO-ECP/2001™ 152 1.68 239 1.21 6.42 161  14.87
DFT ZORA /2002™2 1.57 245  1.84 5.31 219 13.60
HF ZORA /2002°' 2.28 257  2.64 4.86 283 1349
HF DKH2/2002F/153154 2.28 320 2.64 8.23 283  20.26
HF DKH2/2003P*? 245 322 265 8.81 3.06 21.38
HF Pauli/2003%°! 2.25 3.18 242 8.33 3.06 21.85
MCSCF Pauli/2003™°! 1.98 266 219 6.14 273 14.61
HF BS/FPT-1/2004%'%° 2.29 319 265 8.39 284  21.05
HF BS/FPT-2/2004%1° 2.29 3.2 2.65 8.13 2.84
HF BS/CHF/2004"'°° 2.29 282 265 7.89 284  20.14
HF BS/CHF/2005%* 3.16 336 332 889 1042  19.07
HF DKH2/2005P4° 3.16 336 332 888 1042 19.04
CCSD/2005%1%° 2.61 5.67 15.39
SDCI/2005%1%° 2.65 5.72 15.56
HF Pauli/2005%"* 2.25 3.18 242 8.33 3.06 22.05
HF Dirac/2005>"* 3.15 7.83 19.02
HF SORA+]; /20067157 3.33 3.14 298 7.63 3.04 18.84
HF NESC/SORA /200655 3.2 7.93 19.91
HF NESC/ZORA /2006258 3.2 7.93 19.94
HF SORA-Met /200724157 3.2 7.92 19.91
HF ZORA-Met/2007°¢">° 32 7.92 19.94
HF MIOTC /20072160 3.33 334 298 8.48 3.04 2078
DFT mDKS-RMB/2008%8°%  1.94 268  1.70 5.89 209 1458
Exp (+0.02)*" 2.58 6.43 15.34

“In parts per million, with respect to HF, all valuesx(—1).
"Nonrelativistic values listed if reported in reference.
“Semiempirical calculation including Pauli SO operator.
dRelativistic extended Hiickel calculation.

“Hartree—-Fock, Pauli SO operator included variationally.
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Table 2 (Continued)

fHartree—Fock, DKH2 relativistic Hamiltonian with Pauli SO operator included variationally.

8DFT, Pauli SO operator included as perturbation. Preliminary results published in 1995 (ref. 161).
"DFT, scalar part of Pauli operator used variationally with frozen cores.

‘Multiconfigurational SCF, Pauli SO operator included as perturbation.

IDFT, Pauli scalar, and spin—orbit operator used variationally with frozen cores.

“Hartree-Fock, relativistic approach using the scalar DKH2 operator.

'Four-component Hartree-Fock.

"DFT with a spin-orbit effective core potential (ECP).

"DFT with the two-component ZORA operator.

°Hartree-Fock with the two-component ZORA operator.

PHartree-Fock, DKH2 relativistic operator.

9Hartree-Fock, Breit-Pauli operator as perturbation, some O(c~2) terms not included.
"Multiconfigurational SCF, Breit-Pauli operator as perturbation.

*Hartree-Fock, BS/FTP-1 = Barysz and Sadlei (BS) two-component transformation,” finite perturba-
tion method for B.

*Hartree—Fock, BS/FTP-2 = BS, finite perturbation for B and m4.

“Hartree-Fock, BS/CHF = BS, approximate analytical differentiation.

YHartree—Fock, modified BS/CHF analytical scheme.

“Four-component, correlated ab initio (coupled-cluster singles and doubles).

*Four-component, correlated ab initio (configuration interaction with singles and doubles).
YHartree-Fock, Breit-Pauli operator including all O(c~2) terms as perturbation.

“Dirac Hartree-Fock, no approximation for diamagnetic terms.

*Hartree—Fock, NESC SORA with two-electron spin—orbit terms.

**Hartree-Fock, NESC/SORA: normalized elimination of the small component with second-order
regular approximation.

““Hartree-Fock, NESC/ZORA: normalized elimination of the small component with zero-order
regular approximation.

*Hartree-Fock, SORA-Met: NESC-SORA including additional magnetic interaction terms in the
metric operator.

*“Hartree-Fock, ZORA-Met: NESC-ZORA including additional magnetic interaction terms in the
metric operator.

*Hartree—Fock, MIOTC: modified infinite-order two-component method, related to BS/CHF.
*&Four-component DFT, mDKS-RMB: matrix Dirac-Kohn-Sham method with restricted magnetically
balanced basis sets.

*hExperimental values as quoted in ref. 130. Uncertainty due to the experimental value for HF
(measured w.r.t. CHy).

relativistic HF data are the four-component results from 2005 (Manninen et al.”*).
The effect of truncation of the relativistic treatment to order ¢ > can be seen by
comparison with the 2005 HF Pauli results. The various correlated treatments,
either wavefunction based or most of the DFT results, agree better with experi-
ment which demonstrates the influence of correlation effects that do not
completely cancel when the proton shielding constants are subtracted to obtain
the chemical shift. Nonhybrid DFT methods have a tendency of underestimating
the proton shift in HI.

As already mentioned earlier, instead of differentiating a relativistic
energy expression twice to obtain the NMR parameters, one may also use
third-order perturbation theory and treat leading-order relativistic effects by
perturbation theory. In this approach, NMR parameters are first computed with a
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Figure 5 'Si chemical shifts with respect to SiF, in silane and some silicon halides, from
Hartree—Fock data (Nakatsuji et al."”*). Scalar rel. and SO effects considered here via ECPs on
the halide ligands. (Left) Experimental vs. computed Si shifts. (Right) NHD and IHD along the
SiXy4 series.

nonrelativistic method and relativistic corrections are added subsequently which
are computed from an expression of the form
OE

3B om, 002 + O™ (59)

c—o00,m4=0,B=0

AreIGA — 672

and similar for spin-spin coupling. Here, ¢ is used as the perturbation
parameter for “relativity” One of the advantages is the straightforward
interpretation of relativistic effects in various orders. The perturbation operators
in the third-order derivatives are relativistic magnetic operators, including
those that would be obtained from making the substitution p — p + A in the
Pauli Hamiltonian (19) and the associated two-electron operators (see the end of
Section 2.3). Unfortunately, the Pauli operator including its scalar-relativistic
terms has not been found suitable for spin—spin coupling calculations, because of
the combination of highly singular perturbation operators.”’* For nuclear
magnetic shielding, the O(c™?) perturbation-theory approach for relativistic
NMR based on the Breit-Pauli operator has been applied extensively; see, for
example, refs. 57,61,74,164,166-172. Further references to perturbation methods
can be found in Table 2.

Numerous theoretical studies have been devoted to NHD-type SO effects.
Figure 5 shows HF data obtained in 1995 by Nakatsuji et al. for a set of silicon
halides. Very similar results for these and related compounds were obtained
in the same year by using a semiempirical approach with SO coupling.'”” A
decreasing HOMO-LUMO gap due to decreasing electronegativity of the

‘Applications of a nonsingular four-component relativistic perturbation theory***”"'* to the calculation of spin—

spin coupling in molecules would be an alternative. A route for the calculation of the respective matrix elements
of the magnetic perturbations that show up in the formalism*® has been discussed.*’
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halogen in the series X =F, Cl, Br, I should result in a larger magnitude of
the paramagnetic shielding, as long as the matrix elements in the sum over
excited states can be assumed approximately constant, because of the energy
denominators in Equation (36a). Since the nonrelativistic paramagnetic shielding
contribution is typically negative, such a behavior would result in an increasingly
positive chemical shifts (inverse halogen dependence (IHD)). The NHD, as
shown earlier, is due to the more pronounced influence of SO coupling, which
often increases the shielding and therefore causes increasingly negative chemical
shifts. The diamagnetic shielding, as a core property, is usually found to be of
small influence concerning the chemical shifts. From the relativistic nature of
the NHD, it becomes clear why explanations of the NHD that only take the
(nonrelativistic) paramagnetic shielding into account cannot be convincing.

The SO effects on §(*>C) in methyl halides are not as spectacular as for the
hydrogen halides. Still, qualitative agreement with experimental data can only
be achieved on inclusion of SO coupling in the shielding calculation. Scalar-
relativistic effects are of minor importance. Benchmark data for these and other
small molecules have been published, for example, in refs. 45,61,73,74,130,134,
135,145,147,152,156. Rare gas atomic shieldings*'*>°"°¢77#17> are also popular
for benchmarks and to test the computational limits regarding their absolute
shielding scales. Extremely large SO corrections to the phosphorus chemical shift
in PX3 have been reported in ref. 176 and were attributed to the pronounced
s-character of the L-X bonds due to the high oxidation state of phosphorus.

The importance of the influence of two-electron (2e-) SO operators has been
investigated. Early studies can be found, for example, in refs. 53,73,72. For o(*H)
in HX and o(**C) in MeX, the 2e-SO contributions were found to be small and of
opposite sign to the 1e-SO shielding terms. The relative importance of the two-
electron terms appears to be generally decreasing for these systems as the heavy
atom becomes heavier, contributing about 30% to the (small) SO shift for F
substituents and about 7% to the (large) SO shift for iodine substituents. Similar
conclusions for the relative importance of the 2e-SO terms were obtained for
the shielding of the heavy atom,”” for which the scalar-relativistic effects
should not be neglected. The available data indicate that for increasingly
heavy X, the scalar-relativistic corrections may be of higher importance than the
two-electron SO terms. On the other hand, scalar-relativistic (Pauli operator)
DFT values 148 did not indicate particularly large scalar-relativistic corrections.
More recently, Ootani et al. studied the HX series with a normalized elimination
of the small component (NESC) treatment followed by ZORA and second-order
regular approximation (SORA)' (see also Table 2). In these calculations,
inclusion of some two-electron SO terms was found to improve the results
compared to four-component HF results. As already mentioned, some two-
electron contributions are also obtained in a mean-field sense if an effective
potential is used in the place of V in the relativistic operators and in the
transformations from four- to two-component form. In the work of Ootani et al.,
two-electron integrals between the upper components of the orbitals were
included in the potential when constructing the transformation U to two-
component form.



Relativistic Computations of NMR Parameters from First Principles: Theory and Applications 45

120 + g

140 R

160 R

180 - R

Calc. shift / ppm

200 1

220 1
© spin-free

240 + @ spin-orbit 1

240 220 200 180 160 140 120
Expt. shift / ppm
Figure 6 Carbon chemical shifts (reference: TMS) of transition metal carbonyls [M(CO)4]"
where n ranges from +3 (Ir) to —2 (Hf). Spin-free relativistic data from Ehlers et al,””” SO and
experimental data were taken from Wolff and Ziegler.”° The straight thick line indicates
where calculated = experiment.

In transition metal chemistry, NHD-type effects may also occur. Several
groups have investigated the carbon shifts in heavy transition metal carbonyls.
Figure 6 shows a comparison of scalar and SO results obtained with the Pauli
operator (using frozen cores to avoid variational collapse)."*”'”” The inclusion of
SO coupling noticeably improves the agreement with experiment, in particular
for the metals with higher group numbers/complexes with smaller shifts. Vaara
et al. have also studied this series using a SO ECP for the metal and obtained
similarly good agreement with experiment."”” The SO effect for the shielding
follows a somewhat unintuitive trend: the HOMO-LUMO gaps A¢ and energy
differences between other pairs of occupied and unoccupied orbitals enter the
denominator in the DFT shielding tensor expression (36a). The magnitude of A¢
increases from Hf to Ir, but so does the magnitude of SO term in the shielding.
As analyzed by Wolff and Ziegler,'” as the metal’s oxidation state increases
from Hf to Ir, ligand-metal o-bonding increases and m-back donation decreases."”
The increase in ¢ character of the metal-ligand bond is able to transfer the spin
density more effectively from the metal to the carbon nucleus. This effect
outweighs the increase in the orbital energy gap in the shielding expression. Such
a balance of effects appears to be very typical in the NMR of transition metal
complexes.'" A balance between orbital gap trends and bonding characteristics
was also noted, for example, for Pt chemical shifts.'”®

"In a computational analysis, such changes in bonding tend to show up in significantly increased or reduced
matrix elements in the numerator of the shielding tensor expression (Equation (36a)).
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The authors of ref. 179 investigated a number of Ti tetrahalides and Nb
hexahalides. Rather typical for early transition metal halides, almost vanishing
net SO effects on the metal shielding were observed even for the tetra- and hexa-
iodides, caused by a cancelation of positive SO contributions from the FC
mechanism and negative changes of the paramagnetic shielding in the presence
of SO coupling. In this case, IHD for the series X = F, Cl, Br, I is observed for the
chemical shifts, in agreement with experiment. This has been interpreted in terms
of the different nature of the metal d-orbitals binding to the ligands as compared
to (s- and) p-orbitals in the case of main group elements exhibiting NHD.

3.4.2 Heavy-atom shielding

For the shielding constant of a heavy metal nucleus, both scalar and SO
relativistic effects can be expected to be important.”* Relativistic effects on
shielding constants are quite large already for 4d metals and the main group
elements up to around Xe. An increase of the scalar-relativistic effects of the
shielding of the heavy-nucleus X with ~ Z> has been found for the HX series.'®
Other authors found a scaling of Z*? for the metal shielding in the M—F series,
where M = Cu, Ag, Au.'®! Benchmark data for absolute shieldings of atoms,'® in
particular for the closed-shell gas atoms,*"*>¢174605717> are available. However,
as already pointed out, a large portion of the relativistic effects for shielding
constants of most elements cancel when the chemical shift is evaluated. For 5d
metals and the heaviest main group elements, this is usually not the case
anymore. Sizeable spin-free and SO relativistic HAHA effects on the chemical
shifts of NMR nuclei such as W, Pt, Hg, T, or Pb are obtained in computations.
The relative magnitudes of scalar vs. SO effects depend on the element and the
bonding environment.

Relativistic effects on heavy-atom shieldings in the series HX with X = F, CI,
Br, I, HyY with Y =0, S, Se, Te, and YH; with Y =N, P, As, Sb, Bi have been
extensively benchmarked, for instance, in ref. 183 (H,Y, Y = O, S, Se, Te) or 184
(H,Y, Y =0,5S, Se, Te, Po, and YH;3, Y = N, P, As, Sb, Bi). A collection of data for
the shielding constant of X in the HX series, with references, can be found in
Table 3.

The H,Y series was studied by a perturbational approach based on the
Pauli SO operator in ref. 185 where a comparison with experimental data has
been made. The experimental estimate of 4,954ppm for op. in H}*Te was
underestimated by more than 1,000 ppm in the computations (HF and MCSCEF),
likely due to the missing scalar-relativistic effects. The SO contributions were
—233 ppm. In comparison, in ref. 184, the total relativistic change for orce was
reported as +1,963ppm (Dirac HF) showing the importance of spin-free
relativistic HAHA effects. Electron correlation effects on the heavy-nucleus
shielding were found to be only modest.'®® The H,X series was reinvestigated in
ref. 74 at the HF level with both perturbational methods and four-component
theory for relativistic effects. The Te shielding in HeH, was computed as
4,617 ppm with relativistic effects of order ¢ and 4,807 ppm at the fully
relativistic HF level.
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Table 3 A selection of computed halide shielding constants in HX where X = Cl, Br, |

oy (method/year) F cl Br I

nrel rel nrel rel nrel rel nrel rel
HF PSO/1996'%1¢7 413.6 4120 9520 941.7 2652.6 2562.3 4562.8 4272.4
HF PSO/1998”° 413.6 414.0 946.8 9495 26339 2666.7 4551.7 4686.8
MCSCF PSO/1998%7% 4225 422.8 968.6 970.5 2682.0 27045 4654.5 4743.0
MCSCF PSO/199918 4225 4213  968.6 960.0 2682.0 2624.6 46545 4469.6
HF Dirac/19987* 4181 4095 961.2 1027.7
HF Dirac/1999"° 4143 4233 957.0 1020.1 26342 3224.6 45414 6768.4
HF scalar DKH2/1999'% 4135 4158 950.1 969.1 2643.2 2863.8 4538.2 5714.2
HF DKH2 /2002153154 4135 4223 9499 1014.7 26413 34012 4539.8 8843.8
HF ZORA /2002'%° 4135 4164 9499 970.1 2641.3 2851.0 4539.8 5487.3
DFT ZORA /2003* 412.8 4149 9403 957.3 25742 28015 4431.7 5478.6
HF DKH2/2003* 416.8 4234 9575 10189 26349 31649 45404 6508.5
HF Pauli/2003°! 413.6 4227 946.8 1009.5 2633.9 3222.8 4556.0 6652.5
MCSCF Pauli/2003°" 4225 4315 968.6 1030.9 2682.1 32655 4661.9 6732.8
HFBS/FPT-1/2004'%° 4135 4181 9499 982.1 26413 2978.6 4539.8 6077.0
HF BS/FPT-2/2004'>° 4135 4179 9499 9709 2641.3 4539.8
HF BS/CHF/2004'%° 4135 4221 9499 996.0 2641.3 30329 4539.8 6370.4
HF BS/CHF/2005% 4075 4126 9472 982.8 2612.0 2968.7 4750.7 6242.7
HF DKH2/2005* 4075 4126 9472 9833 2612.0 2978.6 4750.7 6301.1
HF Pauli/2005"* 4136 4186 946.8 980.4 2633.9 29529 4556.0 5700.0
HF Dirac/2005”* 4184 984.5 2959.4 5913.7
HF SORA+];; /20067 412.0 420.6 9531 992.8 26159 3013.6 43649 6161.4
HF NESC/SORA /2006'%® 421.0 9943 3023.3 6192.4
HF NESC/ZORA /20068 421.0 994 4 3011.5 5924.5
HF SORA-Met /2007 419.7 985.7 2946.4 5892.0
HF ZORA-Met/2007"° 419.8 985.9 2939.3 5680.6
HF MIOTC/2007'%° 412.0 419.6 9531 986.2 26159 2966.7 4364.9 5927.3
DFT mDKS-RMB/2008%®  405.6 4114 908.6 936.3 2547.8 2887.9 4394.0 5705.1
Expt.d 410+6 952 2617 4510

See footnotes of Table 2 for acronym definitions.

*Neglecting contributions due to the minimal substitution in the Pauli-SO operator.

PIncluding contributions due to the minimal substitution in the Pauli-SO operator.

“Employing nonrelativistic operators regarding the m, and B perturbations.

YExperimental data as compiled in ref. 73. Estimates based on a combination of computed
diamagnetic shielding constants and experimentally determined spin-rotation constants, employing
the nonrelativistic relation between spin-rotation constants and the paramagnetic shielding tensor.'®

Lantto et al. used the relativistic Breit-Pauli perturbation approach to
investigate HAHA effects."”’ The heavy-atom shielding tensors in group 14
hydrides, X*, X2*, XH,, and XH; where X = Si-Pb, and hydrides and fluorides
of group 15 elements, X3+, XHj;, and XF3; where X = P-Bi, were computed (HF
theory). Perturbation-theory results were compared to four-component computa-
tions to assess the magnitude of missing relativistic effects not covered in the
O(c™?) relativistic perturbation theory. Perturbation calculations were also
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performed at a correlated ab initio level (CASSCF). Correlation effects on the
shielding were found to be modest and mainly affecting the nonrelativistic level.
A localized orbital analysis was carried out to rationalize trends for the
relativistic corrections. The dominating FC mechanism of the HAHA effect was
found to increase roughly as Z° with nuclear charge Z of the heavy atom.
Comparisons between HF and DFT can been made for '*Te shielding
constants to estimate the influence of electron correlation. In ref. 187, an
uncorrelated (HF) DKH2 approach has been applied by Hada et al. to a subset
of Te compounds that were previously studied by Ziegler et al."**'*" with the a
variational scalar Pauli DFT method.'*® In ref. 188, because of the rather good
agreement with experimental data, Ruiz-Morales et al. concluded that SO
corrections are not vital for the evaluation of Te chemical shifts, and thus
reasonable predictions can be made by a scalar approach alone. Indeed, the HF
DKH2 results of ref. 187 also showed that for the data set considered, the SO
contributions to the chemical shifts were only modest, although not completely
negligible. However, this seems to be due to a cancelation between different
compounds when evaluating the chemical shift, since large SO contributions of
~2x10°ppm to the shielding were reported. Roughly the same quality of
agreement with experimental chemical shifts was obtained in both studies. An
absolute Te shielding scale correction of —945 ppm proposed by Ziegler et al. has
been questioned by Hada et al. because their calculated absolute shieldings
agreed better with the original shielding scale of ref. 190. Tellurium shifts have
been revisited by Fukuda and Nakatsuji in 2005'”" using a correlated ab initio
level of theory. Electron correlation was considered at the MP2 perturba-
tion level while relativistic effects were included via the DKH2 Hamiltonian.
Some of the results are displayed in Figure 7 in comparison with experiment.
Compared to otherwise similar HF calculations, the correlation treatment
significantly improved the results, with the mean absolute deviation (MAD)
dropping from 147 ppm (HF) to 83 ppm (MP2). SO effects were found to be
important when comparing Te shift of different oxidation states: Te(IV) systems
afforded a roughly 200 ppm smaller shielding constant and generally improved
agreement with experiment. For some of the systems, computation and
experiment deviated by more than 100 ppm. The authors identified as possible
reasons for the deviations, along with basis set incompleteness and the selection
of an active space for the MP2 treatment, experimental uncertainties (for TeH»),
lack of treating solvent effects (for TeMe;Cl), and in one case a particularly large
correlation effect that might not be sufficiently well described at the MP2 level
(for Te(CF3),). The chemical shift trends were analyzed. The paramagnetic term
correlated well with the population of the Te 5p shell. For the hypervalent Te(IV)
compounds, the contributions from Te 5d AOs were also found to be important.
Chemical shifts for Te and Se have also been studied by a scalar-relativistic ZORA
projector-augmented plane-wave DFT code.””'” In contrast to other methodol-
ogy cited in this chapter, the nonrelativistic approach adopted in ref. 52 is able
to treat extended periodic systems. It explicitly deals with the presence of the
pseudopotential by a method devised by Van de Walle and Blochl®" where the
all-electron structure of the orbitals is reconstructed for the purpose of NMR
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Figure 7 Te chemical shifts for Te,Me,, MeSeTeMe, TeH,, TeEt,, Te(CFs),, Te(SiMes),,
Te(SnMes),, TeMe,, TeMe;Cl, TeMe,Cl,, TeCl,, TeFg, and Te(OH)s, computed from a MP2 ab
initio approach with relativistic effects treated at the DKH2 level, compared with experiment.

Reference: TeMe,. Data compiled from Fukuda and Nakatsuji.'”"

computations. In ref. 192, the authors have adapted the procedure to the scalar
ZORA operator. The DFT results for '*Te absolute shieldings were in fair
agreement with the variational scalar Pauli frozen-core DFT results of Ruiz-
Morales et al.'® taking into account that different density functionals have been
employed (PBE in ref. 192 vs. BP in ref. 188) and that the basis sets and many
technical aspects of the codes are very different.

Xenon NMR has found widespread use due to favorable NMR properties of
the '*’Xe nucleus and the large chemical shift range, making this atom a very
sensitive NMR probe. Benchmark computations are abundant. Scalar ZORA DFT
computations for Xe shieldings and spin-spin couplings in XeF,, FXeOSO,F,
FXeN(SO,F),, XeF,, XeO,F,, XeOF,, XeF,, XeF’, XeF,F3, and XeCl" are provided
in ref. 193. Some results are shown in Figure 8. The agreement with experiment is
quite good for the most part but several outliers, the systems XeF", XeCl*, (and
XeFg, for J-coupling) tarnish the record. The authors computed large SO effects on
d(Xe) for the ionic systems (e.g., over —1,400 ppm in magnitude for XeF");
however, this correction while having the desired sign does not completely
reconcile computations and experiment. The experimental data for the ionic
systems were obtained in superacids; thus, there are reasons to assume that the
species present in solution have a shift that might be significantly different from
those of the isolated XeF" and XeCl" ions that were computed. Similarly, the
authors of ref. 193 mentioned structural uncertainties regarding XeF,. Overall,
relativistic corrections improved the agreement with experiment although most
of the relativistic effects on g(Xe) cancel when evaluating the chemical shift. In
2003, two publications dealt with the chemical shift of Xe encapsulated in the Cqg
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Figure 8 '’Xe chemical shifts. Scalar ZORA DFT computations vs. experiment. Data compiled
from Bagno and Saielli.'”* The straight line is a linear fit to the data set excluding some data
points indicated by open markers. Slope = 1.02, intercept = 23 ppm.

fullerene. Sears and Jameson obtained excellent agreement with the (for Xe rather
small) experimental shift of 174 ppm with respect to Xe gas by using the B3LYP
hybrid functional in nonrelativistic computations. (The authors subsequently
applied similar DFT computations to investigate Xe in cryptophane cages'**.)
Autschbach and Zurek employed the ZORA relativistic method with nonhybrid
DFT.'” In this case, the computations consistently overestimated the shift by up
to about 120 ppm. The higher shift was in part caused by relativistic effects (about
22 ppm scalar and 6 ppm SO effects on the shift); adding these corrections to the
Sears and Jameson result would have led to a too high computed result. Electron
correlation is also very important for this system; HF calculations yield a strong
underestimation of the shift, about 100 ppm or less depending on the basis
set.!?1% Straka et al. have reinvestigated Xe@Cg recently and arrived at the so
far best computed DFT Xe shift of 153 ppm which included relativistic effects and
dynamic effects (together about 20% of the total shift), solvent effects (negligible),
and was based on a hybrid functional.'” The remaining difference with
experiment was tentatively attributed to approximations in the functional. The
computations highlight the difficulty to obtain quantitative agreement with
experiment in NMR computations, in particular for a sensitive atom like Xe with
a chemical shift range of many thousand parts per million. A relativistic
perturbation approach was recently applied to investigate NMR parameters
(shielding tensors and nuclear quadrupole coupling) in the weakly bound Xe
dimer using HF, correlated wavefunctions, and DFT.'*” The molecule HXeCCH
serving as a model for organo-xenon compounds was studied with a
perturbational relativistic approach including correlated ab initio and DFT
methods.'”? DFT was found not to perform well for this system; however, the
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relativistic correction terms from DFT appeared to be reliable which may allow to
add them to nonrelativistic high-level correlated data.

In ref. 198, the ZORA DFT approach was used to benchmark computations of
Pb chemical shifts. The computations were found to reproduce experimental data
for a number of 2%Pb shifts quite well, with a mean error of 4% of the shift range.
In comparison, DFT computations employing the Pauli operator variationally
with frozen-core basis sets resulted in a mean error of 16%. A very large
SO-induced chemical shift change of —8,000 ppm was predicted for the Pbly
molecule, which represents an extreme combination of “heavy atom-other heavy
atom” (we suggest the acronym HAOHA) and HAHA effects. Dmitrenko et al.
have recently investigated the relationship between Pb chemical shifts and the
solid-state structure in Pb(IT) compounds.'®” Some of the computational results,
which were obtained with a ZORA SO DFT approach, are displayed in Figure 9.
The local geometries in the PbX; salts were modeled by PbX,> " clusters based
on the crystal structures, leading to the spread of computed data in Figure 9. The
authors performed a larger set of computations on a Pbl¢~ cluster and reported
that the isotropic shifts depended strongly, and linearly, on the interatomic
distances and that the tensor span had a nonlinear dependence on the atomic
distances and a roughly linear dependence on local angular distortions. The
authors attributed trends such as the ones computed for Pbl¢~ to local distortions
which are responsible for NMR trends found experimentally for solids as
function of temperature and pressure. Briand et al.*”” have also recently investi-
gated Pb chemical shifts as well as the shift tensor anisotropy in a con-
certed SSNMR and computational study on coordination compounds of Pb(Il)
with 4-substituted pyridine and thiolate ligands. Analyses of ZORA DFT
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Figure 9 Computed vs. experimental 2°’Pb chemical shifts in PbX,, X = F, Cl, Br, | (left to
right). Reference: PbMe,. Data compiled from Dmitrenko et al."”® Multiple computational
values refer to different clusters models for the solid. ZORA DFT computations including SO
effects. The straight line is a linear fit to the data set. Slope = 1.31, intercept = 430 ppm.
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computations in terms of paramagnetic shielding tensor contributions in terms of
occupied and unoccupied canonical MOs indicated dominant contributions from
occupied sulfur-centered MOs and unoccupied Pb 6p orbitals.

3.43 Heavy metal chemical shifts

Computational data obtained with different theoretical methods are available for
"W chemical shifts. With respect to the reference WOj3 ™, the tungsten shifts
in W(CO)s, WF;, and WClg were calculated with the variational Pauli (frozen
cores) and ZORA DFT approaches as —3,306, —107, and 1,773 ppm and —3,876,
—630, 1,932 ppm, respectively.'”® The experimental shifts are —3,446, —1,121, and
2,181 ppm for the series, as compiled in ref. 198. A scalar variational Pauli DFT
approach had previously predicted a chemical shift of —3,703 ppm for W(CO),,
with modest relativistic corrections of +372 ppm. Tungsten chemical shifts have
also been computed by a variational HF scalar DKH2 with Pauli SO terms
approach in ref. 201 for WO3~, WF,, and WCl,, using a number of different
basis sets. The “basis set C” data yielded tungsten chemical shifts of —1,135 and
2,686 ppm for WF, and WCls, respectively (nonrelativistic: —1,795 and
2,266 ppm). Overall, in ref. 198, the DFI-ZORA method was found to yield a
mean error of approximately 3% of the chemical shift range of 7,000 ppm for a
larger number of tungsten complexes. The variational Pauli DFT calculations
resulted in a mean error of about 6% for these systems. Tungsten chemical shifts
were also benchmarked in ref. 202 using ZORA DFT computations. Figure 10
displays some of the data for small W complexes which demonstrates good
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Figure 10 "®*W chemical shifts for WO,5>~, WO,S3~, WOS3™, WS32~, WF¢, W(CO)s, WCl,, and
W¢O75, from spin-free ZORA DFT computations with frozen cores. Data compiled from Bagno
et al.? Reference: WOJ™. The straight line is a linear fit to the data set excluding some
outliers indicated by open markers. Slope = 0.78, intercept = 1ppm. Ref. 202 reported that
the slope can be improved substantially by adopting an all-electron basis.
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correlation between computations and experiments. However, the slope of
only 0.78 of the fit line indicates that the shift trend is quite severely
underestimated by the computations which employed frozen cores. Additional
benchmark computations with all-electron basis sets and including SO correc-
tions showed that the agreement with experiment can be improved sub-
stantially, yielding a slope of the linear fit of 0.95 and a MAD of 290 ppm or 4%
of the shift range in scalar relativistic and a slope = 0.97 and MAD = 360 ppm
for SO computations. The benchmarks were part of a broader study on
polyoxotungstenate NMR spectra; we will discuss such compounds in a separate
section.

Ref. 203, inter alia, contains a collection of computed (ZORA DFT) vs.
experimental 181TaNMRchemical shifts for TaS3~, TaSe3, TaTe; , TaClg, TaFs,
Ta(CO)s, and TaF3~ with a chemical shift range of roughly 7,000 ppm. Although
the correlation between computations and experiment was acceptable (linear
fit with 7* = 0.97), the trend was quite strongly overestimated (slope of 1.3). The
overestimation may hint at problems with the nonhybrid density functional
employed for the computations but the authors also pointed out that the
experimental accuracy is limited and that the calculation—experiment correlation
has an adequate predictive value.””

A comparison of the ZORA DFT and the variational Pauli-DFT methods for
metal shieldings in group 6-8 tetraoxo-metallates has been made by Bouten
et al.”” It has been concluded that the ZORA method yields superior results
over the variational Pauli approach, which corroborates the previous findings
in ref. 198 for tungsten and lead complexes. The tetraoxo-metallates have
previously been used as a benchmark set for the DFT computation of 7O
shielding constants in transition metal systems.'***** Unfortunately, Bouten et al.
did not report the oxygen shieldings for comparison.

%Ru chemical shifts have been the subject of a number of investigations,
including some studies on the relativistic effects and the influence of solvent.
Because of the large chemical shift range of approximately 18,000 ppm reported
so far for Ru,*”” even comparatively small differences in structure and bonding
can result in sizeable chemical shift changes. Therefore, Ru NMR represents a
stringent test for computational models. Computations of Ru chemical shifts
have been performed by Biihl et al,”” Bagno and Bonchio,'***”” Ooms and
Wasylishen,””” and Autschbach and Zheng.”"® The latter study in part focused on
solvent effects on the Ru chemical shift of for fac-[Ru(CO);15]™. It was shown that
the recipe of using static computations with a few explicit solvent molecules and
an additional continuum model was able to reproduce the solvent trends for this
complex quite well. This paper also reinvestigated the performance of various
computational models used in the other studies, and in particular the importance
of relativistic effects for a benchmark set of different Ru complexes. It was
confirmed that: (i) relativistic effects are of relatively minor importance for Ru
chemical shifts (and likely for chemical shifts of other 4d metals which will
therefore not be discussed further in this chapter) although their inclusion
improves agreement with experiment, (ii) the choice of the density functional is
important (hybrid functionals perform somewhat better for Ru chemical shifts),
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and (iii) neither just a continuum model nor just a few solvent molecules were
sufficient for reproducing solvent trends; both were required.

On the far end of the heavy-atom range are the actinides. Schreckenbach et al.
have computed the shielding of *°U as well as ligand shieldings in uranium
compounds”®*"??'° using variational Pauli and ZORA DFT computations. Scalar-
relativistic ECPs were also applied in refs. 209,210 for the ligand shifts. A
chemical shift range of at least 21,000 ppm for **U has been predicted; however,
so far no experimental chemical shifts are available. Regarding the U shieldings,
it could be demonstrated that the trends for the **°U shielding constants among
the set of 23 complexes that were studied are determined by the average energy
gap between the HOMO U-5f,,. and the seven lowest lying virtual MOs (U-5f
with antibonding ligand contributions), whereas the HOMO-LUMO gap itself
does not explain the trends.”’ This finding underlines that it is important to
pick the right orbitals for an analysis in terms of orbital energy gaps: it need to
be those with large matrix elements for the perturbations, in the numerator of
Equation (36a). An orbital-based analysis that quantifies per-orbital contribu-
tions, such as discussed in Sections 2.6 and 3.2, can be helpful. Regarding
the chemical shifts of light ligands in uranium compounds, it was found that
while the nonhybrid density functionals could not reproduce the trends for
the "F-shift in the UF,_,Cl,, series,*"’ they were successful to reproduce those for
UFs_,(OCHj),, n = 1-4.7'" Also, the trends for the “O-shifts in uranyl complexes
could be reproduced though still underestimating the oxygen shifts by about
10%. For the UF4_,C1,, series, an ECP approach with the B3LYP hybrid functional
could reproduce the trends for the 'F shifts; however, the magnitudes of the
shifts were systematically overestimated. Some of these inconsistencies were
later traced back to the inadequacy of large-core ECPs; Schreckenbach®'' and
Straka et al.”'* concluded independently that reliable computations of the ligand
shifts can be performed with small-core ECPs. It appears that despite the
proximity of the heavy uranium atom, SO HALA effects on the ligand shifts are
not particularly large.

Lanthanum chemical shift tensors have been measured and computed by
Ooms et al.?'? and Willans et al.*'* Relativistic ZORA DFT calculations of '*La
chemical shift tensors on cluster models including La and its nearest neighbor
atoms qualitatively reproduced the trends in isotropic shifts and tensor spans
observed experimentally by SSNMR. Quadrupole coupling tensors were also
computed and measured. The authors reported improved agreement with
experiment when SO effects were included in the computations. The computa-
tions confirmed the trends of the isotropic shift, the tensor spans, and the
quadrupole couplings, as a function of the La coordination number. To obtain
better agreement with experiment would require modeling the solid-state
electronic structure more closely, for instance, via band structure methods, or
using large clusters with Madelung potentials or alternative methods to treat
long-range electrostatic interactions. In ref. 213, computations on the complexes
LaX; with X = F, Cl, Br, I were performed to rationalize the observed trends for
the shielding tensors in the LaXj; solids. The nuclear shielding constants computed
at the ZORA SO level are collected in Table 4. Interestingly, the La shielding
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Table 4 Computed isotropic nuclear shielding constants for LaXs,
data from Ooms et al.””

Complex Ciso
LaF; 4933
LaCl; 3549
LaBrs 2891
Lals 1628

ZORA DFT computations with SO coupling. The series exhibits IHD.

decreases from F to I which means that for the chemical shift IHD would be
observed, a trend which is in agreement with the SSNMR results for the LaX;
solids.”"® The computations revealed that SO coupling is a secondary effect in the
La shielding tensor, that is, the IHD is predominantly caused by the increasing
magnitude of the negative paramagnetic shielding along the series. The SO
shielding also becomes less positive from X = F to I (also an IHD trend); this is
likely related to the significant changes in the La—X bonding reported in ref. 213.

Pt is one of the heaviest NMR nuclei. Techniques for detecting the nuclear
magnetic resonance of '*’Pt have been developed quite early.”>*'® Pt NMR
has since become a powerful tool to study the chemistry of platinum com-
plexes.”'”?'® A large number of experimental data are available which is
extremely helpful for the benchmarking of relativistic theoretical NMR methods.
The abundance of experimental data along with the immense interest in cisplatin
and related compounds for cancer therapy has prompted a sizeable number of
computational studies of Pt chemical shifts. We note that many of the available
computational studies reported varying degrees of difficulties with reproducing
experimental chemical shifts.

The first DFT investigation of Pt chemical shifts was performed by Gilbert and
Ziegler178 on cis- and trans-PtX,Y, systems with X = {Cl, Br, I} and Y = {C], Br,
I}” or {SMe,, NH3, PMe;, AsMes} ™ and yielded a RMS deviation of about 300 ppm
between theory and experiment for a set of 24 complexes. The overall agree-
ment with experiment is quite good considering that the chemical shift range of
these compounds spans about 3,400 ppm. However, one of the compounds,
PtCly(SMe,),, had to be chosen as the NMR reference in order to obtain such good
agreement. In the experiments, the Pt reference is often a solution of Na,PtCls in
water which is not easy to model computationally. Indeed, Gilbert and Ziegler
already hinted in their paper at the difficulties of modeling the NMR parameters
of charged complex ions in coordinating polar solvents.

The main results of Gilbert and Ziegler’s computational study are typical for
metal chemical shifts'": often, explanations of trends for chemical shifts among
similar compounds are sought in terms of trends regarding the HOMO-LUMO
gap, which in turn center Equation (36a) in the paramagnetic shielding tensor
elements. The argument is that a large energy separation between occupied and
unoccupied orbitals causes the paramagnetic component of the nuclear shielding
to be small (large denominators). However, in metal complexes, the trends are



56 J. Autschbach and S. Zheng

often opposite to what would be expected based on the magnitude of the
HOMO-LUMO gap because the matrix elements in the numerator of (36a) may
yield opposite trends. This is also what Gilbert and Ziegler found for their set of
Pt chemical shifts. The balance between the trends was termed ““delicate,”” which
means it is not easy to estimate qualitatively which term is dominating without
performing a computation. Overall, Gilbert and Ziegler found that qualitative
rules for Pt shifts based on hard-soft acid-base concepts, namely that softer
ligands yield more negative Pt shifts, were reproduced in the computations.
Autschbach and Le Guennic studied the metal chemical shifts of the Pt-TIl
bonded complexes 1-7 shown in Figure 11. During the course of a computational
study of the Pt and Tl chemical shifts of 1-5,°'" pronounced difficulties were
noted in obtaining agreement with experimental data for the Pt shifts in these
complexes when using the standard experimental reference [PtCls]*~ in the
computations. Better agreement with experiment was obtained when using the
complex [Pt(CN)s]*~ as a reference which was attributed to the higher similarity
of the ligands. The authors suspected that approximations in the density
functional contributed to this issue. Overall, the best agreement with experiment
was obtained when using complex 4 as an internal computational reference. Even
with complex 4 as the reference, computed solvent effects on the Pt and Tl
chemical shifts were found to be very large, which emphasizes the necessity of
modeling solvent effects (here: water) in transition metal NMR computations.
The data shown in Figure 12 support the main conclusion of the computational
study: as a minimal requirement the computations need to include explicit
solvent molecules to fill the first coordination sphere of the metals as well as
a model for outer solvation shells at least in form of a continuum model the (the
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Figure 11  Structures of various Pt—T| bonded complexes (1-7).
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Figure 12 '°Pt and *®Tl chemical shifts of the complexes 1-5 shown in Figure 11, from ref.
219. Calculated vs. experimental shifts. The straight line indicates where d.yic = Jexp- Solvent is
water. COSMO is a continuum solvent model.

conductor-like screening model (COSMO) was used for the computational study
reported in ref. 219).

In 2005, Fowe et al. reported excellent agreement between computations
and experiment of the Pt chemical shifts for the series [PtCly_,Br,]*~, n = 0-6. The
authors applied a very similar nonhybrid ZORA DFT approach as used by
Gilbert and Ziegler,'"”® and by Autschbach and Le Guennic.""**"” Fowe et al.
also noted a strong sensitivity of the Pt chemical shift with respect to Pt-ligand
bond lengths. It was verified by calculations on [PtCls]*~ and [PtBre]*~ using a
continuum solvent model that solvent-induced structural changes have a strong
impact on the calculated Pt shielding constants. Since the first coordination
sphere of the metal in the [PtCls_,Br,]*" series is already occupied by regular
ligands, one might expect a similar performance of the computational model as
found by Autschbach and Le Guennic for 1-5 (the computations used similar
functionals, basis sets, and relativistic operators), which was indeed the case.
Recently, Koch et al. investigated the Pt NMR chemical shifts of a variety of Pt(IV)
species including the [PtCle_,Br,]>~ (n = 0-6) and [PtCls_,Br,(H,Ol~ (n = 0-5)
series as well as species with hydroxy ligands experimentally and computation-
ally.”***' The computational approach was similar to those used in the other
DFT studies of Pt NMR discussed so far. Excellent agreement with experiment
and the correct trends for ligand substitution were obtained in this work. Very
systematic trends on ligand substitution found experimentally and verified by
computations allowed to identify a number of previously unidentified species as
well as the identification of various geometric isomers.

Kogut et al. have investigated the system Pt[S,C5(CF3),], (Pt bis-dithiolene)
with SSNMR and ZORA DFT computations.””> MAS spectra yielded principal
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values of the shift tensor of —1,378, —3,289, and —7,291 ppm, and an isotropic
shift of —3,986 ppm. The computations yielded —506, —2,391, and —7,366 ppm for
the tensor components and —3,421 ppm for the chemical shift. The agreement
with experiment is reasonable. It can be seen that some of the errors in the
principal components cancel, leading to a less than 600 ppm deviation between
the measured and the calculated isotropic shifts. Deviations of this magnitude are
not untypical for Pt shifts calculated at this level of theory and may be attributed
in part to the lack of modeling the crystal packing. The computations were used
to determine the shielding tensor orientation. Oziminski et al. considered three
platinum complexes with histamine (his), two Pt(Il) and one Pt(IV) complex.'”
With a ZORA DFT approach, the Pt chemical shift for Pt(hist)Cl, was computed
as —1,766 ppm (reference: [PtCls]*”) compared to an experimental value of
—2,240 ppm. Note that a basis set with a rather limited flexibility was used
and SO effects were neglected; it is unclear if these approximations provided
some cancelation of errors. In ref. 223, NMR parameters were computed with the
ZORA DFT method for the systems M[N('Pr,PSe),l, where M = Pd, Pt or Se, Te.
For the Pt system, the calculated chemical shift of —6,347 ppm (SO) did not agree
well with the SSNMR experiment (—4,580 ppm). SO effects helped to bring the
span of the tensor closer to experiment. It is conceivable that due to the sensitivity
of Pt chemical shifts, the applied cluster model did not represent the solid’s
local electronic structure well enough, but as was noted earlier Pt chemical shifts
can afford substantial errors if the computational reference is not similar to the
probe. As a note aside, the Te shift reported in ref. 223 afforded quite substantial
SO effects, increasing the isotropic shift from 295 to 508 ppm (experiment:
645 ppm).

We have so far discussed several studies where some difficulties were
reported with reproducing Pt chemical shifts (including the MD study of
cisplatin-DNA oligomer complexes’' cited in Section 2.8) unless the reference
was chosen to be very similar to the complexes of interest. Possible implications
regarding the principle performance of the density functionals prompted Sterzel
and Autschbach to investigate Pt chemical shifts in solution for a set of complexes
with different oxidation states, and different coordination and solvation
spheres.”” The purpose of this work was to eliminate some of the potential
fortuitous error compensation that arises when comparing chemical shifts among
a series of similar compounds, and to test in particular the modeling of solvation
effects. The complexes [PtCL,]*~, [PtCls)*~, and the dinuclear amidate-bridged
Pt(III) complex M3 of Figure 13 were chosen. In addition to static computations,
Born—-Oppenheimer molecular dynamics simulations (BOMD) were also per-
formed on [PtC14]2* and [PtC16]2*. It turned out to be rather challenging to
compute the chemical shift of [PtCl,]*~ with respect to the standard Pt reference
[PtCle]*~. As a main result of the study, it was concluded that previous
computations on Pt complexes did not employ a flexible enough basis set, neither
for the metal nor for the ligands, and that error compensation masked this
important factor. Another issue was the modeling of unspecific solvent effects for
which, in principle, explicit solvation in conjunction with MD simulations
appeared to be necessary. By comparison of static with BOMD computations,
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it was found that the best performing static computational model, yielding
—1,528 ppm for the Pt chemical shift of [PtCly]*~ compared to the experimental
value of —1,630 ppm, still benefited from error compensation. This model used
a more flexible Pt basis than previous studies (a quadruple—zeta quadruply
polarized basis) and a polarized triple-zeta basis for the ligands. A trade-off
between truncating the basis set and treating the solvent-solute interactions
approximately was found to be one of the major factors. Using this static model,
the Pt two shifts of M3 were reasonably well reproduced in the computations.
Sterzel et al. reported a pronounced sensitivity of the Pt chemical shifts with
respect to geometric parameters in particular for negatively charged species.
These findings are in line with results obtained by Biihl et al. from molecular-
dynamics studies on 3d transition metal complexes, for example, of Fe”***** and
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Co.”° Tt appears that in Pt chemical shift calculations, issues with density
functional are perhaps less pronounced than previously thought™”''* but that
modeling of the complex structure and solvation is even more critical than
indicated by some of the earlier work on Pt chemical shifts.

Computed Pt chemical shifts have been analyzed recently using a localized
orbital technique''”''® (based on so-called NBOs and NLMOs), as outlined in
Section 2.9. The technique is related to the spin-spin coupling analysis discussed
in Section 3.2 for the PbH, molecule; both are capable of analyzing spin-free and
SO terms in the NMR tensors. The shielding analysis was carried out for the Pt
complexes shown in Figure 13. In this figure is also shown the overall agreement
with experimental data for this set of complexes which turned out to be quite
reasonable. The analysis has focused on the role of nonbonding Pt 5d orbitals.
For instance, when considering the chemical shift of [PtCl,]*~ with respect to the
standard reference [PtClg]*~, computed as —1,532 ppm, experiment —1,630 ppm,
the analysis showed combined contributions of —1,567 ppm from Pt 5d non-
bonding orbitals, the 5d lone pairs, and the Pt—Cl bonds. The contributions from
the 5d orbitals alone added up to —1,943 ppm which therefore represented the
main difference between these two complexes. As usual, diamagnetic and core-
orbital contributions did not change significantly among the set of complexes. The
reason for the negative chemical shift is a larger deshielding of the Pt nucleus
originating from paramagnetic terms located in the 5d shell which was
rationalized with an orbital rotation model for 5d orbitals. See Figure 14 for an
illustration. For instance, according to the SOS equation for the shielding, or its
MO analog (36a), an occupied orbital yields a large paramagnetic term if the
action of the OZ and OP operators results in a function that overlaps well with a

PtCl,> PtCl,% xz, yz

umé

PtCI,* xy PtClg Xy, Xz, yz

Figure 14 (Left) Localized nonbonding Pt-centered orbitals (NLMOs) in [PtCl,]*~ and
[PtCls]*~, from spin-free ZORA DFT computations with subsequent NBO/NLMO analysis (ref.
118). Iso-surface values: 0.03 a.u. (Right) Qualitative result of the action of the angular
momentum operator on a d-orbital.
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low-lying unoccupied orbital. Both operators contain angular momentum-type
terms (see the OP and OZ perturbation operators in Section 2.5). The action of an
angular momentum operator on a d-orbital yields a rotated d-orbital as shown
qualitatively in Figure 14. In [PtCly]*~ for the 5d,. and 5d,. lone pairs, upon
rotation (action of one of the angular momentum operators), only two lobes
overlap with antibonding metal-ligand o* orbitals. The rotated—bonding-
antibonding overlap is much less effective than for the 5d., where after rotation
in plane all four lobes overlap with antibonding M-L orbitals. Thus, there are two
smaller and one large deshielding contributions from the 5d shell in [PtCl,]*".
For [PtCls]*~, rotation of each of the three lone pair orbitals yields a function
where all four lobes overlap with antibonding M-L orbitals. Therefore, in
[PtCls]*~, there are three large paramagnetic deshielding contributions from the
5d shell. Overall, the paramagnetic deshielding is much stronger in [PtCl(,]z*
leading to the negative chemical shift for [PtCl,]*~. The analysis confirmed that
this trend also holds for other pairs of related Pt(IV)/Pt(Il) systems, and it was
shown that less pronounced trends among Pt(II) and Pt(IV) systems, respectively,
could be explained in intuitive terms with the helps of the localized orbital
analysis.'"®

Mercury shielding constants have been studied by a number of authors. A
comparison between ZORA DFT and DKH2-HF is made for dyg in the series
HgX; and MeHgX (X = Cl, Br, I, Me = CH3) in Table 5. Additional computational
data for Hg shifts are collected in Table 6. Due to a possible strong influence of
electron correlation on the shielding tensor in general, it is difficult to rate the
quality of the results separately in terms of relativistic and correlation
contributions. The basis sets that were applied for the different computations

Table 5 '"°Hg chemical shifts for HgX, and MeHgX, X = Cl, Br, I, Me = CHs, without and
including the spin—orbit-induced terms in the shielding tensor

Molecule DFT ZORA**® HF DKH2**? Expt.
No SO Including SO nrel No SO Including SO
HgMeCl 922.1 942.6 561.8 1002.1 485.2 861
HgMeBr 840.3 1068.2 538.9 863.8 953.3 915
HgMel 500.8 1024.9 354.4 555.1 1411.1 1097
HgCl, 1368.7 1555.9 859.0 1408.2 1168.7 1519
HgBr, 1484.3 2684.4 1063.3  1561.0 3462.1 2213
Hgl, 1029.2 3506.0 567.0 863.3 47794 3447

Note: Chemical shifts with respect to HgMe,. All shifts multiplied by —1.

Calculated from the reported data in the respective publication. “No SO” refers to relativistic
shielding constants calculated from a two-component spin—orbit coupled wavefunction/Kohn-Sham
orbitals from which the FC and SD spin-orbit contributions to oy have been subtracted. These values
are similar, but not identical, to those that would be obtained from scalar relativistic computations (see
ref. 227 for some scalar ZORA data for HgMeX).

PExperimental data as compiled in ref. 58. Solvent for HgX, was THE.
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Table 6 Additional "’Hg chemical shift computations

Compound® 5 exp? DFT ZORA®® HF DKH2%2%®
Hg(SiH3), +196 +232
Hg(GeHy), —147 —289
HgMe(CN) —766 —861

Hg(CN), —1386 —1724

HgCl,(NH3),* —1280 —1086

HgBr,(NH3),* —1622 —1858

Hgl,(NH3),° —2355 —2836

aMe:CH:;.

PWith respect to HgMe,, as compiled in refs. 58,228. Experimental values for HgX, in pyridine.
“NHj; to simulate the solvent pyridine in the computations.

are not directly comparable, which also makes an assessment somewhat difficult.
It has been previously noted that “cross terms” between scalar and SO
contributions to oy, are very important.”*” This statement means that the SO-
induced change of oy, strongly depends on the (mainly) scalar-relativistic effects
on the Hg-ligand bonds' (i.e., relativity-induced changes in the metal’s s/d
hybridization affect the magnitude of the SO HAHA effect on the Hg shielding).
The results in Table 5 indicate that for accurate computations of mercury
chemical shifts, both scalar and SO relativistic effects are of high importance,
since the experimental trends for oyg are only reproduced when the SO
contributions are included.

The series Hg(LH3),, L = C, Si, Ge, has been computed with a spin-free DKH-
transformed Hamiltonian including the Pauli SO operator. See Table 6 for results.
The rather small magnitudes of Hg chemical shifts were attributed to cancelation
of large relativistic and nonrelativistic shielding contributions.”*® Even the
often negligible SD contribution to the chemical shift was here comparable in
magnitude to the shift itself. The authors considered missing solvent effects as a
possible source of error. The influence of solvent effects on mercury chemical
shifts has been computed by Wolff et al.”® Experimentally, solvent effects on, for
example, the Hg shift in Hgl, can amount to more than 1,000 ppm (pyridine vs.
THF). Wolff et al. showed that direct coordination of the metal by a nucleophilic
solvent (pyridine, simulated by NH; in the ZORA DFT computations) is the main
reason for the large solvent effects. The computations yielded a large positive
contribution to §(**’Hg) from coordination of the solvent to Hg. Compare the
HgX, data in Tables 5 and 6. The resulting geometry change (bending of X-Hg-X
by approximately 30°) on complexation was found to increase the magnitude
of the chemical shift by ~600 ppm for HgCl,, while the electronic interaction of
the solvent with the heavy atom caused a large decrease of 6 by ~—1,100 ppm.
THF was supposed to coordinate much less strongly to Hg and not to cause a
significant change of the linear structure of HgX,. A possible influence on the
chemical shift due to THF that might account for the differences between theory
and experiment in Table 6 has therefore not been investigated.
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3.4.4 Gold cages and poly-oxo-metallates

Pyykkoé and coworkers predicted, among a variety of other optical and
spectroscopic parameters, the W chemical shift and Au-Au spin-spin
couplings in WAu;,.>* This species was theoretically predicted by Pyykko and
Runeberg to be stable for reasons of strong relativistic effects, a perfect
18-electron bonding, and aurophilic attraction.””' Subsequently, WAu;, was
detected in mass-spectrometry experiments.”” In a follow-up computational
study,” the W nucleus in the center of the icosahedral Au;, cage was predicted
to be exceptionally strongly shielded, resulting in a chemical shift of about
—13,000 ppm with respect to the reference WO; . Relativistic effects represent
only a secondary contribution to this extraordinarily large shielding (most
notably a HAHA and HAOHA contribution of 3,850 ppm from SO coupling
which exceeds the largest SO shielding found in an earlier DFT benchmark study
of "W shifts by a factor of 2'”®). The most important influence was found to
be a strong paramagnetic shielding of the external field by the Au cage. The
reduced W-Au and Au-Au spin-spin coupling constants were also computed.
For K(W-Au), the spin-free relativistic result was 7,350 x 10'° TZJ*l compared to a
nonrelativistic value of 3,322x10'* T>J~". The average of one- to three-bond Au—
Au couplings in WAu;, was calculated as 12,365x10" T*]J ! elastivistically, but
only 2,459 nonrelativistically.

The carbon atom inside an Au, cage can be used as a probe for the electronic
structure of the gold gage in the interesting complex [(PhsPAu)sCI** shown in
Figure 15. The complex was synthesized by Schmidbaur and coworkers in 1988
and extensively investigated by single crystal X-ray diffraction and NMR
spectroscopy.”>***> For a related system, the complex [C{Au[P(CcHs),
(p-CeHyNMey)[}6]**, Schmidbaur et al. unambiguously assigned a signal at

Figure 15 Optimized structure of [(PhsPAu)¢C]**, from ref. 233.
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0 = 137.27 ppm to the interstitial carbon atom.>*° Using this information, a weak
13C signal at § = 135.2 ppm in the parent complex [(PhsPAu),CJ** was identified
as originating from the interstitial carbon. The '°C resonance of this carbon atom
appeared in a completely unexpected region. A computational study of these
systems by Le Guennic et al.”” concluded that the quenching of strongly
shielding HALA SO contributions from the Au cage due to electronic effects from
the phosphine ligands is responsible for the chemical shift of the central carbon.
Without the phosphine ligands, a “naked” Aug" cage would cause the carbon
nucleus inside to be very strongly shielded, similar to the “NHD" of carbon and
proton shifts. The mechanism that suppresses the SO terms is probably the same
that causes metal-metal and metal-ligand J-couplings to decrease if a strongly
c-bonding ligand is added trans to the bond that transfers the J-coupling, as will
be discussed in Section 3.5. The HALA SO contribution to nuclear shielding is
similar to the dominant Fermi-contact spin-mechanism of J-coupling®'*;
therefore, similar effects from frans ligands may be expected.

A number of computational studies have appeared in recent years focusing
on NMR chemical shifts of metal and hetero-atoms in poly-oxo-metallates
(POM). Poblet, Kazansky, and coworkers considered 70 and W chemical
shifts for a set of poly-oxo-tungstanates,”” among them [WqO;ql*,
[CH30TiW;0151° 7, [W501sWNO5] ™, [W10051*, 0-8-y-[XW1,040]"~ with X = As,
Ga, Ge, P, Si, Al, B, B-[PWoO,sBrs]’~, [PaW1506,1°~, [PW,014°~, and [W,0,4]°".
The number of heavy atoms in some of these systems is seen to be very large by
ab initio computational chemistry standards, making the computation of their
NMR parameters a daunting task. For small W complexes, Ziegler and coworkers
had previously found a very good correlation between theory and experiment,
with the slope of a linear fit of calculated vs. experimental '**W shifts near unity.'”®
In their POM study, Poblet, Kazansky, and coworkers also found a good linear
correlation between experimental and calculated 183 shifts. However, the slope
of the fit line was only 0.785 which was tentatively attributed to the basis sets that
had to be employed in order to keep the computational effort manageable™” (see
also Figure 10) and — a related issue — to the quality of the optimized structures.
For the 7O shifts, a much better slope of 1.06 was obtained. Overall, the structure—
NMR trends for these POMs were satisfactorily reproduced. A reliable assignment
of the POMs’ structure by a comparison of computed and experimental shifts
was deemed reliable only in the case of widely separated NMR shifts. The authors
also hinted at the need for including solvent effects for POMs with large q/m
(charge-to-mass) ratio.

In a follow-up study,238 Poblet, Kazansky, and coworkers focused on the
reduced poly-oxo-tungstanates [W50:sWNOPP~, v-[SiW1,041°7, [PaW1506,1%7,
and [W1403,1°”, using similar computational methods as applied in ref. 237. In
comparison with the oxidized forms, it was found that overall the computations
described the chemical shift changes on reduction well, although some large
discrepancies between some of the calculated shifts and experiments were noted,
in particular for [W50;sWNOJ?~. These discrepancies were attributed to pro-
blems with the density functional describing the interaction between W and the
NO ligand. We note in passing an earlier study by Kazansky and Yamase”
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where atomic charges in POMs computed at the extended-Hiickel level were
correlated with experimental chemical shifts for V, Mo, and W, with increasing
electronic population per metal leading to increased metal shielding (lower
chemical shift) for POMs, and an opposite trend for reduced POMs.

Bagno et al. have recently performed a study of "W shifts in tungsten
POMs*? including solvent effects, using relativistic all-electron DFT meth-
ods.”®'” Previous work by Bagno and Bonchio employed ECPs."”” See also ref.
241. Bagno et al. reported in ref. 240 a computational study of several POM'’s
belonging to various structural groups: Lindqvist ([WgO10)*~, [VW:010]°~, and
[V2W4O19]4_), Anderson ([W7024]6_ and [T€W5024]6_), oz—Keggin ([BW12040]5_,
[PW150401%7, [SiW1,040]*~, and [GeW;,040]*7), and decatungstates ([W1003]*
and [W;005,1°7); see Figure 16 for an example of the structures that were
computed. As for other NMR computations on POMs,*”**® the large number of
heavy atoms made the computational study very challenging. A focus here has
been the consideration of solvent effects by means of the COSMO model. The best
agreement was obtained at the highest computational level which included
solvent effects and SO coupling. Despite the rather narrow chemical shift range
of the sample set (about 500 ppm) as compared to the 8,000 ppm shift range
found overall for '®*W, the computations performed very satisfactorily; see
Figure 16 for an overview. The average deviation was 35 ppm or only about 7% of
the shift range considered. The largest deviations seen in Figure 16 were found
for species with large q/m or q/A (charge-to-surface area ratio) where inclusion
of solvent effects also had the strongest impact, highlighting once more the
importance of modeling the chemical environment of metal systems for the
purpose of NMR computations. The small intercept of the linear fit in Figure 16
was possible because one of the POMs, W¢Ois, was selected as the NMR

n
W10red eq

" wr

=

(o]

o
L

[
o
L

N}
o
X

-120

-220 1 BW12
W10red ax
320 -1 W10 ax

-250 -150 -50 50 150 250
Experimental 8W chemical shift / ppm

Calculated'®w chemical shift / ppm

Figure 16 (Left) Structure of [PWyTiO4]°~ as an example of the poly-oxo-metallates (POM)
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chemical shifts relative to [W¢O1s]*~ in various POM. All-electron spin—orbit DFT
computations; COSMO solvation model for water. The correlation line has a slope of 0.93,
intercept —7 ppm.
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reference. The absolute errors with respect to the standard reference WO3~
would have been larger but this is inconsequential for the all-important trends
and rather highlight difficulties with the modeling of WO3 ™~ in solution (large
q/A). Inclusion of solvent effects systematically improved the results, both
directly in the NMR computations as well as through application of the solvent
model in the geometry optimizations, which tended to cause some shrinkage of
the POM structures.

3.4.5 Shielding tensor anisotropies

Besides the isotropic shielding ¢, the anisotropy Ac, also carries important
information about the geometric and electronic structure around nucleus A.
In many of the already cited publications, theoretical values for Ac, have
been reported, and frequently very large relativistic effects have been found.
Measurements of anisotropies can be carried out for completely or partially
oriented systems, for instance, with SSNMR or liquid-crystal NMR (LCNMR). An
example for small “benchmark” systems with strong relativistic effects for which
experimental data are available is presented in Table 7 for Ac of '*”Hg in methyl-
mercury halides and HgMe,. As in the case of the isotropic shieldings discussed
earlier, the experimentally observed trends along the series X = Cl, Br, I are only
reproduced in the computations if SO coupling is considered. Interestingly, as
in the case of the chemical shifts, the shielding anisotropies for the two different
computational approaches DFT-ZORA vs. HF-DKH2 without the SO contribu-
tions are rather similar, but drastically change when SO contributions are
included due to their different signs. With both methods, the experimental trends
are correctly reproduced; however, the DFT-ZORA results significantly over-
estimate Ao, whereas it is strongly underestimated in the HF-DKH2 calculations.
Whether the reason lies in the relativistic approach, or is due to electron
correlation, is yet unclear. Environmental effects due to the liquid-crystal solvents
should also be explicitly considered in the computations. This is strongly

Table 7 199Hg chemical shift anisotropies Ao for MeHgX, X = Cl, Br, I, Me=CHs, without and
including the spin-orbit—induced terms in the shielding tensor

Molecule DFT ZORA**”’ HF DKH>?*? Expt2?  Expt2”

No SO Including SO  nrel  No SO Including SO

HgMe, 6462 7857 44733 5877.0 4843.6 7325455 7355455
HgMeCl 5179 6319 3677.5 4913.1 4258.0 5535+80 5430440
HgMeBr 5322 6168 3718.6 5121.3 3570.0 54554100 5140490
HgMel 5763 6071 4000.0 5574.4 2731.1 5480+300 4840+70

*Method “C” of ref. 227 referring to DFT-ZORA computations with the same basis set employed as in
ref. 58 (Table 5) for comparison. Shielding anisotropies with an extended basis (method “B” in ref. 227)
were consistently larger by 600-1,000 ppm.

PSee footnote a of Table 5. For this reason, the values here somewhat differ from the scalar relativistic
results reported in ref. 227.
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indicated by the previously mentioned computational study of Hg chemical
shifts by Wolff et al.”®

Other examples for which relativistic corrections to shielding anisotropies,
often also for a heavy nucleus, have been frequently reported are the following
series of small molecules which remain very popular with theoreticians for
benchmarks of relativistic and electron correlation methods: HX (X =F, Cl,
Br, I),7>149,150,153,154166,180,185 11 v (Y — O, S, Se, Te [Pol),'*>'® YH, (Y = N, P, As,
Sb, Bi),'™ and CH3X (X =F, Cl, Br, ).”>'®

An increasing number of chemical shift anisotropies are becoming available
from SSNMR measurements. Several of the combined SSNMR experimental—
theoretical studies cited so far have in fact focused on the tensor properties of the
shielding. Often, the computations provide important information about the local
orientation of the shielding tensor. We shall discuss one last example. The XeF,
molecule has been investigated experimentally and by computations. Experimental
SSNMR data for the Xe and F shielding anisotropies for xenon fluorides were
reported by Forgeron et al.,** along with ZORA DFT computations. Kudo et al. also
performed computations on this system using an infinite-order two-component
relativistic approach with a HF wavefunction.”** Some of the data are collected in
Table 8. Both relativistic methods perform quite well in reproducing the experi-
mental Ac. The tensor anisotropy affords large relativistic effects. The nonrelativistic
calculations strongly overestimate Ag. Part of the chemical shift tensor anisotropy
relative to the Xe atom results from a paramagnetic+SO shielding tensor component
parallel to the Xe-F bond, ¢, of about —1,000 ppm. The corresponding chemical
shift tensor component of ¢, = +1,000 ppm was determined experimentally pro-
mpting Forgeron et al. to state that this was “the first experimental demonstration
that relativistic effects play an important role in the nuclear magnetic shielding
for xenon.”**’ In nonrelativistic theory, this component (from the SOS part of the
shielding tensor) is zero by symmetry which can be seen from Equation (55):
the only mechanism that contributes nonrelativistically in the SOS part of the
equation is OP-OZ, where the OZ operator is given by the B-derivative of (43c).
The resulting operator is proportional to L, the angular momentum operator. For
a linear molecule, the wavefunctions are eigenfunctions of the angular momentum
along the molecule’s axis, that is, ﬁ”‘Pk =Y L, with eigenvalue L;. As a

Table 8 '*’Xe nuclear shielding tensor in XeF,

Oiso Ao
Relativistic DFT® 3006.7 4469
Relativistic HF® 3570 4276
Nonrelativistic DFT® 2275.4 5066.7
Nonrelativisitic HF? 2020 5163
Expt.® 4245(20)

“Reference 243, Forgeron et al.
PRef. 244, Kudo et al.
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consequence, (‘I’jIOZ(B”)l‘I’O) = constant - (¥;|¥o) =0 in Equation (55). In a
relativistic formalism, the other mechanisms may lead to nonvanishing SOS
contributions. Since the diamagnetic shielding rarely contributes to chemical shift
trends (which was confirmed by the computations), the 3, component of 10° ppm
measured experimentally indeed probes the relativistic effects on the shielding
tensor.

3.5 Spin—spin coupling in heavy-element systems

3.5.1 General considerations, small-molecule benchmark data
Relativistic benchmark data for spin—spin coupling constants and tensors were
previously compiled in refs. 2,5,7. In Section 3.2, we have shown how strongly
relativistic effects can affect spin-spin coupling, in particular the contact-type
terms (the FC-FC mechanism of Equation (56)). One aspect of these strong
relativistic effects is simply the relativistic increase in the AO matrix elements of
the FC-type operators. A second aspect is the relativistic change in the bonding
environment of the heavy element, and a third influence is the SO contributions
such as from FC-OP cross terms in Equation (56). The first part has for some time
been dealt with semiempirically through relativistic scaling factors for hyperfine
integrals.”*>** Such RSFs, or hyperfine integrals obtained from relativistic
atomic computations, have also found use in semiempirical codes for spin-spin
coupling.”””"*°"'?® Occasionally, researchers have scaled nonrelativistic spin-spin
coupling data involving a heavy element to allow for comparison with
experiment.'”"*>" A somewhat related procedure has been proposed in ref. 127
where ratios of nonrelativistic and scalar-relativistic (Pauli operator, frozen cores)
values for the orbitals at the nuclei have been used to scale the matrix elements of
the FC operator in nonrelativistic molecular computations. Since such scaling
methods, if used in otherwise nonrelativistic computations, do not include the
relativistic changes in the electronic structure, their predictive power is limited.
However, they yield useful order-of-magnitude estimates for relativistic effects
on spin-spin coupling. As an example, for the Hg 6s orbital, the relativistic
correction factor for the hyperfine integral is about 2.44.*° If the bond between
Hg and a ligand atom L is mostly involving the Hg 6s orbital, a relativistic change
of K(Hg-L) by up to a factor of 3 can be expected. For molecules where strong
relativistic effects on bonding are present, where the FC term is not the only
important contribution to the coupling constant, or where electronic SO coupling
is large, or if HALA effects are of interest, it is obviously desirable to determine
spin-spin coupling from relativistic first-principles calculations. We will forgo
a discussion of semiempirical methods but point out that relativistic trends in
many heavy-atomic systems have been rationalized in early application of
relativistic extended Hiickel theory (REX).'?”*>

Small molecules, such as H,Y where Y =0, S, Se, Te (Po) and YH,; where
Y = C, Si, Ge, Sn, Pb, have been popular systems for benchmark studies and new
theoretical developments. Early work has employed four-component HF
theory.>>*190121.6318% The data indicated that along the series K(H-X) decreases,
predicting a negative coupling constant for TeH,. A correlated study (MCSCEF)
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including the Pauli SO operator yielded a positive coupling constant for this
system, likely because of the missing spin-free relativistic corrections.'*’ Spin-—
spin coupling tensors are sensitive to electron correlation effects. This is also the
case in relativistic theories. While HF benchmark studies are still very common
for relativistic nuclear magnetic shielding computations, as evidenced by Table 2,
the relativistic HF approach is usually not accurate enough for computations of
spin-spin coupling. Another problem that tends to plague HF and semiempirical
computations of spin—-spin coupling is a triplet instability of the unperturbed HF
wavefunction.”* Such triplet instabilities have not been noted as major issues
in KS DFT computations of spin-spin coupling, while at the same time DFT
incorporates the desired effects from electron correlation (within the approxima-
tions of the functional, of course). Consequently, the majority of first-principles
relativistic spin-spin coupling computations have been performed with
relativistic DFT methods. Among the available implementations, we note the
ZORA approach by Autschbach and Ziegler” " and its recent extensions'*"'"
(hybrid DFT, SO), the IORAmm approach by Filatov and Cremer® (hybrid DFT,
spin-free), and a DKH2 code by Melo et al.** (hybrid DFT, SO, numerical
differentiation). Some of the data obtained by Filatov and Cremer for plumbanes
are already listed in Table 1. Other systems that were studied in ref. 38 include
the remainder of the YH, series, CdMe,, HgMe,, Hg(CN),, and the series HgMeX
with X = Cl, Br, I. In general, good agreement with available nonhybrid ZORA
DFT reference data’” was noted, although the influence from a hybrid functional
was shown to be quite pronounced in some cases. We already emphasized this
in Section 3.2 when discussing the Pb—H coupling in plumbanes. Trends from
including some HF exchange in the functional and trends from SO coupling
appear to cancel at least partially for these systems. For comparison with
experiment, for the Hg complexes it is necessary to consider solvent effects as
will be discussed below. Melo et al.*> performed test calculations on the YH,
series where Y = C, Si, Ge, Sn, with HF and DFT. The authors reported good
agreement with four-component HF benchmark data but also noted that their
DFT results agreed better with experiment. Unfortunately no results were
reported for PbH, or larger systems.

Main group diatomics, often with p-block elements, have also been
benchmarked extensively. Because of the importance of SO coupling for the
spin—spin coupling in such systems and the interest in their coupling
anisotropies, we will discuss them in a separate section (Section 3.5.5).

3.5.2 Heavy-atom-light-atom couplings

Large relativistic effects on one-bond heavy-atom-ligand spin-spin coupling
constants have consistently been calculated for systems with sixth-row elements.
Figure 17 shows a comparison of a number of tungsten-ligand coupling
constants in comparison to their nonrelativistic counterparts and to experiment.
It is clear that relativistic effects on these one-bond couplings are extremely large;
in some cases they are comparable to the total nonrelativistic result. Coupling
constants involving other elements from the sixth row of the periodic table, such
as Hg and Pt, are similarly strongly affected, mainly by spin-free relativistic
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Figure 17 (Left) One-bond tungsten—ligand spin—spin coupling constants, computation vs.
experiment, from ref. 59. (e): Scalar-relativistic ZORA; (o): nonrelativistic DFT results. (Right)
A range of one-bond metal-ligand reduced nuclear spin—spin coupling constants (absolute
values) for 5d metal complexes. Scalar-relativistic ZORA DFT results (VWN functional) vs.
experimental values. A few data points for Pb are also included. Data taken from refs. 59,258.
For not octahedrally or tetrahedrally coordinated metal centers, the first coordination shell
has been completed with solvent molecules, as described in ref. 255. The straight thick lines
indicate where calculated = experiment.

effects."’ Figure 17 includes a larger collection of one-bond coupling constants
which shows that the relativistic DFT computations are quite capable of
reproducing the experimental data. A similar test set of complexes has also
been investigated by Khandogin and Ziegler'”’ using variational frozen-core
computations with the Pauli operator and a relativistic correction term for the FC
mechanism of spin-spin coupling as discussed above. Based on the discussion in
Section 3.2, it should be clear that a flexible basis for the core region is required to
obtain reliable heavy-nucleus FC matrix elements which makes the use of a
variationally stable method mandatory. As a consequence, the computations
have met with rather limited success regarding the agreement with experiment.
Qualitatively, however, the relativistic trends were reproduced, which allowed a
study of the origin of trans effect in square planar Pt complexes and its relation to
the one-bond Pt-P coupling constants.

For complexes with open coordination sites (linear and square planar, as
opposed to tetrahedral or octahedral) that may be accessed by solvent molecules,
it has been found necessary to complete the first solvation shell with solvent
molecules in the computations in order to achieve reasonable agreement with
experiment.255 In some cases, noticeable solvent effects were predicted even for
supposedly inert solvent such as chloroform. For more strongly coordinating
solvents, the effects can be considerable. Consider the case of Hg(CN),: the
nonrelativistic Hg-C coupling is only about 40% of the experimental value.
However, a gas-phase relativistic computation yielded “only” 443x10*°T?J~!
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Figure 18 Spin—spin coupling constants involving 29Xe. Scalar ZORA DFT computations vs.
experiment. Data from Bagno and Saielli."”> The straight line is a linear fit to the data set
excluding some outliers indicated by open markers. Slope = 1.05, intercept = —18 Hz.

which is still significantly short of the experimental value of 577.8. Coordination
of four methanol molecules to the Hg center increased the coupling constant by
another 135x10*°T?] ", yielding almost exactly the experimental value. It was
shown that the solvent effect does not predominantly result from a geometry
distortion but is of electronic origin.

Scalar ZORA DFT computations for J-couplings involving 129%e in XeF,,
FXeOSO,F, FXeN(SO,F),, XeF,, XeO,F,, XeOF,, XeF,, XeF*, XeF,F3;, and XeCl*
were provided in ref. 193. Some results are shown in Figure 18. The agreement
with experiment is seen to be quite good. For XeF", large SO corrections for the
Xe-F spin-spin coupling were obtained, changing | from —13,655 to —10,302 Hz,
which is still about double the magnitude of the quoted experimental value. The
outliers were discussed earlier in Section 3.4.2; the deviations are likely due to
uncertainties about which solvated species are involved in the NMR spectrum
of “XeF™ in superacid. Spin-spin couplings involving Xe were also
investigated by Bryce and Wasylishen®® for a number of polyatomic Xe
fluorides, along with group-17 fluorides. The test set comprised K(CI-F) in CIF;,
CIF;, CIF;, CIFs, ClF, , and CIF{, K(Br-F) in BrFs, BrF;, and BrF¢, and K(I-F) in IF}
and IFg, as well as K(Xe-F) in XeF", XeF,, XeF3, XeF,, XeFs, and XeFs with a large
variety of bonding environments. The authors obtained excellent agreement
between ZORA DFT computations and experiment which allowed to assign
unknown signs of the coupling constants in some cases. The success of the
computations was attributed to the inclusion of both spin-free and SO relativistic
effects. Analysis of the data showed that in the set of molecules, the OP
mechanism strongly depended on the number of valence-shell lone pairs of
the heavy atom while the SO contributions were sensitive to the bond distances.
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By considering these two factors, the trends in the experimental data for the test
set could be rationalized. For some apparently closely related systems such as
BrF¢ and BrFg, the Xe-F coupling constants were found to be of opposite sign.
This indicates a serious potential trap when interpreting trends in experimental
results for which the sign is unknown. We have recently computed Xe—F coupling
constants which were used, along with computed fluorine and xenon chemical
shifts, to determine terminal and bridging coordination modes of XeF, in the
solids [Mg(XeF,),l[AsF¢l,, [Mg(XeF,)4l[AsF¢l,, [Ca(XeF,),s1[AsFely, [Ba(XeF,)s]
[AsFgl,, and [Ba(XeF,)sl[AsFgl,.>>” Although the cluster model was not
capable of delivering quantitative agreement with experiment, for example,
leading to a ~10% underestimation of the Xe-F coupling magnitudes, the
trends for bridging and terminal fluorines were well reproduced in the
computations.

A concerted experimental SSNMR/computational study has been directed at
the X—Cl one-bond spin-spin coupling tensor in Ph3X—Cl where X = C, Si, Ge, Sn,
Pb.”'* Both the isotropic coupling and the anisotropy AK of the coupling tensor
obtained from ZORA DFT computations agreed well with experimental data,
with increasing magnitudes as the atom X becomes heavier. As one might expect,
relativistic effects were found to be important for the X = Sn, Pb systems. SO
effects were found to be of particular importance for the Pb compound where
they led to an almost complete vanishing of AK because of cancelation with
equally large but opposite anisotropies from the OP mechanism.

Some of the Pt and Pb systems for which data are shown in Figure 17 have
recently been reinvestigated using a newly developed hybrid DFT version of
the ZORA spin-spin coupling program and using an extended basis set that
included high-exponent basis functions at the light nuclei also.*” Some of the
data for plumbanes have already been listed in Table 1; the influence of the
hybrid functional is evident by comparing the PBE data (nonhybrid) with PBEO
(a hybrid functional with 25% HF exchange). For the Pt complexes, some
sensitivity to the computational model was noted. The earlier benchmark data of
ref. 59 for Pt were shown to have benefited somewhat from error cancelations.
As an example, for the complex Pt(PF;)4, the best value for K(Pt-P) obtained
with the hybrid functional and the extended basis was 663x10*° T*] ! compared
to an experimental value of 622 T*]J'. The nonhybrid DFT results from ref. 59
using basis set for P without additional high-exponent functions and an
approximate form of the V%_'I"fc) term of Equation (36b) were 610 and 627x10*°
T?] ! using the BP and the VWN functional, respectively. Thus, the combined
effects from extending the basis set and improving the functional led to a slightly
larger difference with experiment. Similar trends were obtained for two other Pt
complexes. Most likely, the lack of treating solvent effects along with remaining
approximations in the functional and basis set makes up for most of the
difference between computation and experiment.

Coupling constants involving Pt and a light ligand atom were studied
experimentally and by ZORA DFT computations by Klein et al.”” and Gudat
et al” Klein et al.™ considered [DMSO,Pr(aryl),] complexes and used a
comparison of computed with experimental data to assign the configurations as



Relativistic Computations of NMR Parameters from First Principles: Theory and Applications 73

cis or trans. For example, for the aryl = phenyl complex, computed '] (***Pt-"°C) of
1,018 Hz (cis) vs. 539 Hz (trans) vs. 995Hz (experiment) clearly indicated a cis
complex. For the aryl =mesityl complex, computed '] (**’Pt-"°C) of 1,130 Hz (cis)
vs. 546 Hz (trans) vs. 605 Hz (experiment) clearly indicated trans complex. Gudat
et al”” used a similar protocol, based on computed Pt-C and Pt-P one-
bond couplings, to determine the cis/trans isomerism in the related systems
[Pt(aryl),(PEts),]. The Pt-C coupling constants were in particularly good
agreement with experiment. The Pt-P couplings also agreed well with experiments
for the trans complexes, and the experimental trend of much higher Pt-P couplings
for the trans complexes was reproduced. For the cis systems, the computed cis and
trans Pt-P couplings bracketed the experimental data; however, the authors noted
that the simplification of the phosphine ligand in the computations (methyl instead
of ethyl) might have been responsible for systematic errors.

3.5.3 Heavy-atom—heavy-atom coupling constants

Extremely large relativistic effects might be obtained for spin-spin coupling
between two heavy nuclei. We have studied metal-metal spin-spin coupling
constants quite extensively over the past few years, for instance, for Pt-Pt,'"®
Pt-T],201202263 114116 or Ho Hg couplings.”****° Generally, good agreement with
experiment was obtained from relativistic DFT computations, whereas non-
relativistic computations cannot be meaningful for such couplings. For instance,
Hg-Hg couplings can be as large as several hundred kilohertz, with the large
magnitude caused by the s—c character of the Hg-Hg bonds and the fact that the
hyperfine integrals for the 6s Hg orbital may increase relativistically by about a
factor of 3.”°° For a pair of Hg nuclei, this increase would lead to an order-of-
magnitude increase of the 6s—6s orbital contributions in the coupling tensor.
These studies have also shown that relativistic effects on the coupling constants
tend to act as a magnifying glass for subtle effects in the metal-metal and metal-
ligand bonds. This means that NMR is a particularly sensitive tool to study
details of bonding in these heavy-atomic systems.

Experimental data for Pt-Pt spin—spin coupling constants are abundant.
Interestingly, in some chemically closely related dinuclear complexes, J(**°Pt-'**Pt)
may differ by an order of magnitude,®'”*****?% and these variations do not
correlate with distances between the Pt centers. Examples are [{PH(CO)5),1%,
[{PtClI(CO)(PPhs)},], and [{PH(CNCH3);},]**, with small Pt-Pt coupling constants of
551, 760, and 507 Hz, respectively, and on the other hand [{PtCL(CO)},1*~ and
[{PtBr,(CO)},1%>~, with large Pt-Pt coupling constants of 5250 and 4,770Hz,
respectively. Other examples can be found, for example, in ref. 266. The Pt
oxidation state is +] in all of the aforementioned cases. ZORA DFT computations of
the Pt-Pt coupling constants in [Pt,(CO)6]** and [Pty(CO),Cly]*>~ were performed
as representatives for the groups of complexes with small and large J(Pt-Pt),
respectively. The computations helped to uncover the origin of these order-of-
magnitude differences''”: a strongly c-interacting ligand has negative contribu-
tions to the metal-metal coupling (CO vs. CI7) in particular in trans position to
the metal-metal bond. Relativistic effects increase the metal-ligand o-bonding
character in the complexes. In the case of [Pt,(CO)s]**, the strong relativistic
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increase of the FC contributions in J(Pt-Pt) is then largely suppressed by
increasingly negative influences from the Pt-ligand bonds. In [Pt,(CO),Cly]*~, the
chloride ligands have a much weaker effect and the relativistic increase of J(Pt-Pt)
is not so strongly suppressed. The result is an order-of-magnitude difference of the
metal-metal coupling in these two systems. This example shows that metal-metal
and metal-ligand bonding characteristics affecting the NMR can be strongly
amplified by relativistic effects.

Le Guennic et al. have studied the metal NMR parameters of a set of
nonbuttressed Pt-T1 bonded systems [(NC)sPt-TI(CN),]"", n =0, 1, 2, 3 (14)
and the related system [(NC)sPt-TI-Pt(CN)sI°~ (5) synthesized by Glaser
and coworkers®**”" and two bridged amidate complexes 6 and 7 synthesized
by Matsumoto and coworkers®*>''* and model systems based thereupon. See
Figure 11. The chemical shifts of some of these systems were discussed in
Section 3.4. We focus here on the metal-metal J-coupling constants. Data reported
here refer to the isotopes '*°Pt and **°TL.

An earlier computational investigation by Autschbach and Ziegler had
suggested that at least half of the huge magnitude of the Pt-T1 coupling constant
of the n = 1 system (experiment: 57 kHz) is due to coordination of Tl by solvent
molecules (water).”*’ Computations on the whole series 1-4 as well as complex 5
showed that solvent coordination effects on 'J(Pt-TI) of the 1 = 0 system are even
larger,”**'"* changing the gas-phase result of about —10 kHz into a solution result
of about +55 kHz in computations that differed only by the absence or presence of
solvent. It was also found that both explicit solvent molecules and bulk solvent
effects need to be included in the computations on 1-4 in order to obtain the same
trend for 'J(Pt-T1) as found experimentally, and that the simultaneous application
of both a continuum solvent model (COSMO?*”"*”?) and an asymptotically correct
DFT XC potential (SAOP*??"%) is beneficial. A summary of the computational
results obtained by Autschbach and Le Guennic®®* is displayed in graphical
form in Figure 19. For model “C,” very good agreement with experiment was
obtained. Results for the metal-ligand coupling constants for these systems have
also been reported in ref. 262, with similar success of the solvation model. The
TI-C coupling constants are very strongly influenced by the solvent coordination,
whereas the Pt-C coupling constants are less affected, although some improve-
ment is obtained from considering solvent effects. Solvent coordination had
previously also been found to be responsible for the unintuitive relative
magnitudes of 'J*®TI-"*C) and *J**TI-"°C) for complex 2,”°' with the latter
being more than three times larger than the former. The findings from the
theoretical investigation of metal-metal and metal-ligand coupling constants in
1-5 can be briefly summarized as follows: (i) The trend for 'J(**°Pt-*?’T1) along
the series is caused by solvent coordination, mainly by direct coordination of the
Tl atom. In gas phase or a weakly coordinating solvent, 'J(***Pt->""T1) for 1-4
would exhibit the opposite trend. (ii) In computational modeling of heavy metal
NMR parameters, a reasonable description of the experimental trends requires
to include at least one explicit solvation shell in case the metal has open
coordination sites, and at least a continuum solvation model to estimate the
effects of a second, third, etc., solvation shell. Reproducing trends for different
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Figure 19 YJ("°Pt—>°"Tl) for complexes 1-5, calculated vs. experimental data. The straight line

indicates where dcaic = Jexp. Solvent is water. COSMO is a continuum solvent model.
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solvents might require further refinement of the model. The importance to fill the
metal’s first coordination sphere with solvent molecules has also been high-
lighted in computations on other heavy-atomic systems.”>***

Unfortunately, the computational protocol that led to nearly quantitative
agreement with experiment for 'J(***Pt-2°T]) of 1-5 turned out to significantly
overestimate the Pt-Tl coupling constants in the amidate-bridged complexes 6
and 7 shown in Figure. 11.”° As an example, the record-large 'J(Pt-TIl) of
146.8 kHz of 6 was calculated as 159.6 kHz when using the COSMO solvation
model (gas-phase calculation: 114.2kHz) but this good agreement with
experiment was only achieved without using the asymptotically corrected SAOP
potential. With SAOP and COSMO applied simultaneously, the computa-
tions yielded 221.7kHz for 'J(Pt-Tl) in spin-free relativistic calculations.
Calculations including SO coupling yielded 172.9 kHz (COSMO) and 236.8 kHz
(COSMO+SAQP), respectively. For 7, the experimental 1]'(Pt—Tl) is 88.8 kHz. The
computations yielded 80.6 kHz (COSMO) and 105.5 kHz (COSMO+SAOP) with
spin-free relativistic DFT, respectively. The SO results were 87.9 and 113.3 kHz.
The trends regarding the computational model and the sign of the SO corrections
are the same for both complexes. Whereas the inclusion of the asymptotic
correction in the functional yielded a welcome but relatively minor increase of
T(*°Pt-"°>T1) for 1-5, complexes 6 and 7 turned out to be very sensitive. Le
Guennic et al. have analyzed the situation in detail''* and traced this sensitivity
back to small metal 6s-contributions in low-lying unoccupied c-orbitals that
change considerably, percentage-wise, depending on the computational model.
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It is likely that quantitative agreement between theory and experiment for
complexes such as 6 and 7 will only be achieved at a very high level of theory
since their sensitivity leaves little room for error suppression/compensation.

It is interesting to note the drastic differences in the Pt-TI coupling constants
between 6 and 7 and among the series 1-5. Le Guennic et al. employed existing,
and developed a range of new, analysis tools for spin-spin coupling constants
for the study 6 and 7''* (see also some educational applications to organic
molecules as described in ref. 115). Figure 20 (left) shows the contributions of the
metal-metal c-bonding localized orbitals to 'J(**°Pt-**°TI) of 6 and 7. In both
cases, the orbitals are significantly delocalized along the complexes’ long axis
which rationalizes the strong influence in particular of the ligands trans to the
metal-metal bond. The large differences between 1](195Pt—205T1) for6,7,1,and 2,
for instance, can to a large extent be traced back to the c-coordinating ability
of this axial ligand. The stronger this coordination, the smaller the metal-metal
coupling — a typical trans-effect. The same mechanism also causes Pt-Pt
coupling constants to vary by an order of magnitude,'”” and Hg-Hg coupling
constants to stay well below an upper theoretical estimate of almost 1MHz
calculated for [Hg-Hg]**.*** Complex 6 was also recently reinvestigated by the
NLMO/NBO analysis discussed earlier in Section 3.2 when the Pb-H coupling in
PbH, was analyzed. The results (Figure 20, right) supported the earlier
conclusions regarding the trans-ligand influence.

In ref. 264, the extremely large coupling constants between Hg and Hg in
complexes containing Hg3* and Hg3" have been investigated. It was found that
coordination and polarization of a metal-metal fragment explain the magnitude of
the metal-metal coupling constants. The coordination can thereby be due to
ligands or solvent molecules. Unlike other systems with one metal center
wherein a number of computational studies reported an increase of the coupling
magnitude on solvent coordination,”>?®' solvent or ligand coordination of both
metals of a metal-metal fragment reduces its coupling constant in the systems
investigated so far. This can be rationalized by a simple MO argument based on
Hiickel theory.”** For the complex of Hg5" with the crown ethers 18-crown-6 and
15-crown-5, very good agreement with the experimental 'J(Hg-Hg) of 284 kHz
("Hg)*’® could be achieved. To our knowledge, this value is still the largest
experimentally determined J-coupling constant. The calculated scalar DFT-ZORA
result is 278 kHz; missing SO corrections were estimated to be of the order of
—10% or smaller. See Figure 21 for an illustration. The coupling constants of the
(hypothetical) free Hg3" were estimated to be around 0.9 MHz, indicating that
the upper limit for Hg-Hg coupling constants has not yet been reached in
experiments. However, a system such as the Hg,(18-crown-6), complex in
Figure 21 for which the coupling constant was predicted to be about 0.6 MHz
does not allow an easy NMR detection of J(Hg-Hg) due to its symmetry.
A polarization of the Hgs" fragment due to an unsymmetric environment would
reduce the likely coupling, though.

In the same work, ref. 264, the one- and two-bond Hg-Hg coupling constants
in Hg3" have been considered. The first '"’Hg~'""Hg coupling ever detected
experimentally,””” and for a long time the largest known nuclear spin-spin
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JePY(Hg-Hg) = 284 kHz

Jeale (Hg-Hg) = 278 kHz Jedle (Hg-Hg) = 599 kHz
Figure 21 Reduced Hg—Hg coupling constants ("*°Hg) for crown ether complexes of Hg3",
from ref. 264. Computations based on the scalar DFT-ZORA approach. The left complex

(mixed 18-crown-6 and 15-crown-5) has been computed based on the crystal structure of ref.
276, the right one (both 18-crown-6) based on an optimized geometry.
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Figure 22 'J(Hg-Hg) in Hg3", from a MD simulation with subsequent averaging of ZORA DFT
spin—spin coupling computations. Data from ref. 265. The experimental value is 140 kHz.

coupling constant is the 139.7(3) kHz one-bond coupling in the [Hg-Hg-Hg]**
ion; the coupling was measured in 1984 by Gillespie et al.”’® at —70°C in liquid
SO,. The relativistic DFT computations of ref. 264 indicated that */(Hg-Hg)
should be much larger than the one-bond coupling, in agreement with an
estimate based on Hiickel theory as well as REX calculations.””***" Again,
environmental effects, here from the solvent SO,, were estimated to be very
pronounced, but due to the weak solute-solvent bonding interactions the static
computations based on optimized geometries were not deemed reliable. The
Hg3" system has recently been revisited with a MD approach.”®® Using a small
number of explicit SO, solvent molecules and an ab initio Born-Oppenheimer MD
simulation from which 300 configurations were used to average 'J(Hg-Hg), the
coupling constant was computed as 149 kHz which agrees quite well with the
experimental value of 140 kHz. Figure 22 shows the instantaneous and averaged
coupling constant over the 300 MD configurations. Statistics collected along
the MD run showed that the terminal Hg atoms afford close contacts with the
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solvent’s oxygen atoms but the central Hg atom does not, which is crucial for the
enormous drop of the coupling constant from its computed gas-phase value of
260 kHz to the final MD average of 149 kHz. For comparison, a computation with
a continuum solvent model (COSMO) yielded 236 kHz, the difference with the
gas-phase result mainly being due to a Hg-Hg bond shortening. The solvent
coordination effect and the preferred close solvent-solute contacts with the
terminal Hg atoms are evidently not described by the continuum model. The
study highlights once more the importance of considering a molecule’s
environment in NMR computations, in particular for sensitive and relativistically
amplified heavy-atom spin-spin couplings.

Bagno and Saielli have considered the spin-spin coupling in the Hgi" ion.*
The trend predicted for Hg3" appears to continue here, that is, the two-bond
coupling was found to be larger, 150 kHz, than the central (100kHz) or the
terminal (33 kHz) one-bond couplings. The three-bond coupling was computed
as 178kHz. The instability of this species in solution was noted; thus, an
experimental verification would most likely come from SSNMR. Pronounced
effects from the ion’s surrounding should be expected. Another system studied
by Bagno and Saielli was a model for a Lehn “grid compound” where metal
centers such as Hg(Il) and others are arranged on a self-assembled grid. At 7A
grid spacing between the Hg atoms and no direct bonds, the J-couplings were
predicted to be negative and up to about —40 Hz in magnitude. Ref. 203 reviews a
number of other relativistic DFT studies performed by Bagno et al., some of
which have been mentioned elsewhere in this chapter.

3

3.5.4 Two- or multi-bond couplings

Two- or higher-bond coupling constants have not yet been extensively investigated
by relativistic computations. “J(Hg-Hg) in Hg, ions have been briefly discussed in
the greceding subsection. Kaupp has reported significant relativistic effects on the
SIp-31P two-bond coupling constants in cis- and trans-M(CO)4(PH3),, M = Cr, Mo,
W, leading to a reversal of the trend of increasing P-I’ coupling for the W complex
as the metal becomes heavier.”*’ Noticeable SO effects on a three-bond C-C
coupling constant were reported by Autschbach and Ziegler for the complex
[(NC)sPt-TI(CN)]~.**" 1t is likely that significant relativistic corrections on multi-
bond coupling constants between light atoms are obtained when the coupling path
involves a heavy metal, as is the case for the two examples mentioned. Bagno and
Saielli have computed nuclear spin-spin coupling constants between DNA base
pairs mediated by a heavy metal (Hg).”** A structure with two thymines (T-H)
was set up shown as follows for the Hg system:

HaC o] HaC 0 o] H
y /
N
+
2 / N—H + Hf —— / N——Hg——N / + 2 H
N N
/ /\ / /\
H o) H O (0] CHs
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Table 9 Computed metal-mediated spin—spin couplings between DNA base pairs, from Bagno
and Saielli**?

TZnT TCAT THgT
J(N-metal) —-28.2 227 —670
2J(N-N) 0.8 0.4 1.7
5(Metal) N/A —648 1727

T: deprotonated thymine. A Zn chemical shift was not provided because the reference Zn>*(aq) would
be difficult to model. Isotopes: BN, '3Cd, %Zn, and 199Hg.

The computed J-couplings are listed in Table 9. Spin-free ZORA DFT
computations predicted a large increase in the N-metal one-bond couplings,
as one might expect from the strong increase in the FC-type matrix elements
for heavy nuclei. For Hg, the computation for the metal-mediated two-bond
N-N coupling yielded 1.7Hz which compared reasonably well to an experi-
mental value of 2.4Hz quoted in ref. 282. The authors confirmed that the
metal’s orbitals are directly involved in the J-coupling; comparisons with
nonrelativistic computations were not made to quantify the role of relativity in
the two-bond coupling. Bagno and Bonchio investigated W-W couplings
across W-O-W in polyoxo-tungstanates”” using a ZORA DFT approach.
These coupling constants are useful to assign POM structures; depending on
the W-O-W angle, one may identify edge- or corner-sharing units. The authors
demonstrated that the coupling depends on both the W-O distances and
the W-O-W angle, as one might expect, and therefore cautioned about
structural assignments considering only an angular dependence. Computations
on two POMs with known structure yielded good agreement with experi-
mental data.

3.5.5 Spin—orbit effects and coupling anisotropies

SO effects on one-bond couplings were often found to be relatively small in
comparison to the spin-free effects. A notable exception is the series of Tl-X
where X =F, Cl, Br, I. Figure 23 shows the isotropic K(Pb-X) as well as the
coupling tensor anisotropy AK for the series as computed with hybrid DFT and
the ZORA relativistic approach. Nonrelativistic data are not shown but were
previously found to be only about half the magnitude of the experiment and had
the correct trend for the wrong reasons.® For the isotropic coupling, the spin-free
relativistic computations barely predict any change along the series while a very
strong trend is present in the SO results as well as the experiment. For TI-I,
the SO OP-FC cross term is the largest individual term in the coupling tensor.*’
Like for TI-X with heavier halogens X, SO effects on spin-spin coupling tend to
be important when coupling between two p-block elements is involved. There
is also a strong dependence of the result on the density functional: nonhybrid
functionals perform reasonably well for the isotropic coupling constants, albeit
with significant underestimation of K for TIBr and TII. However, these
functionals, especially the simple local density functional VWN, very strongly
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Figure 23 Spin—orbit effects on the nuclear spin—spin coupling in the series TI-X, X =F, Cl,
Br, . ZORA DFT computations with various functionals vs. experiment. Isotropic coupling K
and coupling tensor anisotropy AK. Computational data from ref. 120. Experimental data
from refs. 284-287; see also refs. 288,289. The straight thick lines indicate where
calculated = experiment.

overestimate the coupling anisotropy. It has for quite some time been suspected
that approximations in the density functionals are responsible for the under-
and overestimation of the trend for K and AK, respectively.””**" In particular,
numerical data have indicated that paramagnetic terms in isotropic NMR
parameters tend to be underestimated in magnitude when a nonhybrid
functional is applied to shielding or spin-spin coupling involving p-block atoms
with many lone pairs. The development of a hybrid DFT version of the ZORA
DFT code'® has recently allowed us to verify the functional’s influence in the
TI-X coupling: the improved PBEO hybrid functional results shown in Figure 23
agree well with experiment for both the isotropic coupling and the coupling
tensor anisotropy. In the same paper, a number of additional interhalogen
diatomics XY (X, Y = F, Cl, Br, I and X#Y) that were previously studied by Bryce
et al.”® were computed at the hybrid SO DFT level.'*” Overall the difference
between nonhybrid and hybrid DFT results of refs. 289,120 were not very large.
In both studies, a good correlation of the magnitude of K and AK with the
product of the nuclear charges of X and Y was obtained, as shown in Figure 24.
These trends and magnitudes are partially attributable to SO effects, for example,
for CII the spin-free relativistic results corresponding to the data shown in
Figure 24 are K = 346, AK = —369, and for Brl K = 781, AK = —804 (in 10*° T*] ),
leading to higher magnitudes of the coupling tensor elements. A slight reversal of
the trend is seen for the coupling anisotropies of IF (Z,Z, =477) vs. CIBr
(2125 = 595).

Available studies have shown that even in those cases where the SO effect on
the isotropic coupling constant is rather small, the anisotropy AK can be quite
strongly influenced by SO coupling. The range of available AK studies molecules
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Figure 24 Isotropic coupling constant and coupling anisotropy for interhalogen diatomics, in

10%°T?)7", from ZORA hybrid DFT computations including SO coupling (ref. 120). Computed
results plotted vs. the product of nuclear charges. Exp. data from Refs. 301, 302.

with heavy atoms is still rather limited. However, it is clear that future
investigations of AK and interpretations of experimental data will need to include
relativistic effects if heavy-atom systems are studied, and both scalar and SO
effects will be of importance.

Kantola and coworkers have recently reported measurements and ZORA
DFT computations of the '""Hg-'>C spin-spin coupling tensor in the MeHgX
(X =Cl, Br, I) systems®” along with data for the reference compound HgMe,.
The experimental data were obtained from measurements in liquid crystals.
Within the rather large experimental error bars, the computations agreed with
experiment as long as some explicit solvent effects were considered in the
computations. The measured AJ for '*’Hg~'"°C were between 1.0 and 1.3kHz and
calculated as 1.2 kHz for the MeHgX systems. For dimethylmercury, theory and
experiment agreed somewhat better, yielding AJ of 0.85kH (experiment) vs.
0.82kH (calculated). Relative anisotropies, AJ/], were consistently computed
somewhat too high compared to experiment. The study confirmed early
theoretical estimates by Pyykks® that SO coupling increases the relative
anisotropy of the Hg—C coupling tensor.

Many of the available small-molecule benchmark studies have also reported
AK data. Examples for such computations other than those already discussed are
MesXY systems (X = C, Si, Sn, Pb; Y = F, Cl; semiempirical study, ref. 249), XF
(X =F, (], Br, I, DFT-ZORA, ref. 60), XY (DFT-ZORA, ref. 289), HX (HF-Dirac, ref.
150; MCSCF-pPSO, ref. 140), H,Y (HF-Dirac, ref. 184; MCSCF-pPSO, ref. 140), Xe
and halogen fluorides (DFT-ZORA, ref. 256), and refs. 63,125. We also refer to the
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spin-spin coupling tensor overview by Vaara et al.” cited earlier, and to ref. 291
for further examples and additional details.

3.6 Electric field gradients

The electronic and nuclear charges in a molecule create an electric field. We may
refer to it as the “intrinsic” electric field of the molecule, as opposed to an
external electric field and field gradient perturbing the molecule. The internal
field’s inhomogeneity is to first order given by its first derivative, the EFG. EFGs
interact with electric quadrupole moments. To derive the expressions of the
internal field gradient, imagine a (hypothetical or actual) point quadrupole with
Cartesian quadrupole tensor elements G,, which is placed somewhere in the
molecule as a probe. The quadrupole-EFG interaction term has then to be added
to the Hamiltonian analogous to dipole and higher-order multipole terms for
an electric field. Consider next the first-order energy change E“)G,, due to
the quadrupole-EFG interaction. The derivative E“) is then — according
to first-order perturbation theory — given by Equation (27) with the unperturbed

v

wavefunction, with " being the EFG operator at the position of the
quadrupole. The electric field is given by the (negative) derivative of the scalar
potential V of the nuclei and the electrons. The EFG operator for the quadrupole
perturbation is defined accordingly as the (negative) second derivative of the
scalar potential operator for the internal field”, that is
_ @9

o, ory’
The internal EFG is then computed from an expectation value of the operator
(60) where the second derivative can be considered at any point in space.” The
EFG is a rank-2 tensor which may be characterized by three principal
components, V;; and its principal axes. Important applications arise when
considering the EFG at the position of a quadrupolar nucleus, and evaluating the
interaction energy of the internal EFG with the nuclear quadrupolar charge
distribution. Nuclear quadrupole coupling constants C, are related to the EFG
tensor via

u,v € {x,y,z} (60)

_eQVs
Tk

where V33 is the largest magnitude component of the EFG tensor and Q the
nuclear quadrupole moment. The nuclear quadrupole-field gradient interaction

Co 61)

“The EFG proper is 7f/u,,. We use the term EFG but omit the negative sign here which is consistent with the
definition of the quadrupole coupling in Equation (61).

“This is conceptually similar to the magnetic shielding tensor which may also be defined at any point in space
by considering a point magnetic dipole p at a position rx and using its vector potential AX = 1/ (u x rx /%)
instead of the nuclear vector potential (39) in the derivation of the NMR shielding. In NMR, the measurement
relies on the presence of a nuclear spin and therefore the shielding tensor is measured at the position of the
nucleus.
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is very important in SSNMR*’' and, with modern ultrahigh-field instruments,
measurements of NMR parameters and Cq of formerly inaccessible quadrupolar
nuclei are now possible. With reliable EFG tensor computations at hand, a fit to
experimental data might then in turn be used to obtain nuclear quadrupole
moments. A large set of quadrupole moments based on literature data up to 2001
has been compiled by Pyykks™” (a new updated 2008 data set is upcoming).
In this chapter, the reader can find references to relativistic computational work
for many heavy nuclei including various actinides. We also point to an extensive
review by Schwerdtfeger et al.”” covering the literature up to 2003.
Taking the expectation value of (60) yields

_ _ _ _ 2
ViR = = [ drpiay XA R Delr = R ©)
[r — Ral
for the electronic term. There is also a nuclear term
_ _ _ _ 2
VLU;C(RA) _ Z ZB 3(RB RA)u(RB RA)v 5u,v|RB RAI (63)

B#A |RB - RA |5

In (62) and (63), the EFG is considered at the position of nucleus A. The equation
for the electronic part is valid in the four-component and the non-
relativistic regime. In two-component formalisms, the perturbation operator has
additional picture-change corrections which are of order ¢ % These result from new
terms in the Hamiltonian on transformation of the EFG operator from four- to
two-component form.”>*”'##2°* The picture-change terms vanish again in the
nonrelativistic limit.

Given the large magnitude of the electronic EFG operator in the near-nucleus
region from its overall 1/r5 behavior, one should expect large relativistic effects
on the EFG percentage-wise. However, any filled and perfectly spherical atomic
shell around the nucleus of interest will not contribute to the EFG.* Therefore,
small deformations of the core orbitals in a molecular environment and the
overall arrangement of the chemical bonds determine the magnitude of V which
makes it overall a very useful “chemical” property.

The magnitude of relativistic effects on EFGs in heavy-element systems is
clearly demonstrated in Figure 25 for the iodine EFG in group-13 iodides.*”
Similar to the nuclear spin—spin coupling constants in TIX that were discussed
earlier, both spin-free as well as SO relativistic effects can be important for heavy
p-block diatomics, in particular for TIL If the bonding partner is not a sixth-row
or heavier element, however, the scalar effects appear to be significantly more
important which implies that for semiquantitative results SO effects might be
neglected for such systems. As an example, a range of additional '*T C, results
for iodine-halides reported in ref. 295 agreed well with experiment at both the
spin-free and the SO level. Marked improvements of iodine quadrupole coupling

*The EFG also vanishes in highly symmetric environments such as tetrahedral or octahedral.
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computations vs. experiment; data were taken from van Lenthe and Baerends.
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constants over nonrelativistic results were also obtained by Malkin et al. from
second-order DKH scalar-relativistic computations for the diatomics ICl, IBr,
ICN, HI, and IK.*

The general (potential) importance of SO coupling for EFGs of heavy-element
molecules was pointed out by Visscher et al.”’® who performed four-component
HF and correlated ab initio computations of the H-X (X = F, Cl, Br, I) series of
diatomics. For HI, the iodine EFG increased from 9.65 to 11.59 a.u. at the Dirac HF
level. An orbital contribution analysis was carried out for HI which showed that
most of the electronic contributions were due to valence-shell orbitals. The
interpretation of the EFG mechanism was based on a model where a bond is
formed between H" and a spherically symmetric (zero EFG) I". The bond
formation amounts to forming a nonspherical hole in the iodine valence shell
causing most of the EFG. Some semicore and core-polarization contributions
were also found in the EFG analysis for HI. Inclusion of SO coupling slightly
lowered the magnitude of the EFG. This effect was attributed to the c—n mixing
in the bond: the electron hole on the iodine side acquires partial n character
which is somewhat less asymmetric than the hole caused by a pure ¢ bond.
Overall, the SO effect was small (—0.05a.u.) compared to the total 1.82a.u.
relativistic increase. The H-X series of molecules has been very popular for
theoretical benchmarks and was considered by many other authors. We cite ref.
27 as an early numerical study of picture-change effects which were demon-
strated by computations of EFGs.

Picture-change effects on EFGs were studied by a number of authors. As
already mentioned, in a recent paper, Mastalerz et al. revisited the series H-X
where X =F Cl, Br, I, At, and demonstrated that picture-change effects can
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represent a considerable fraction of the relativistic correction to the EFG.*
It should be noted that the bulk of the picture-change effects were already
obtained with the lowest order transformation of the operator. A comparison was
made with data obtained recently by other research groups, such as a study by
Neese et al.*”” (four-component and DKH HF), Malkin et al.** (DFT and HF with
DKH), and Visscher et al.>?° (four-component HF, MP2, CCSD, and CCSD(T)).
All these studies have highlighted the importance of relativistic effects and of
picture-change effects for this electric property.

The DKH method has recently been applied to calculate a large range of ''“Sn
EFGs.””® Scalar-relativistic DFT calculations with the B3LYP functional were
performed for 34 Sn complexes for which experimental Mossbauer quadrupole
splitting parameters AE were available. The EFGs were in the range of —4 to
+5a.u. It was noted that picture-change effects entered the results as a systematic
error of constant magnitude. Both picture-change corrected and picture-change
uncorrected results showed an excellent linear correlation with the experimental
AE. Based on the linear fit, a quadrupole moment of 13.240.1 fm” was obtained
for the '”Sn nucleus, in good agreement with the 2001 reference value of
12.840.7 fm**

For metal atom EFGs, Schwerdtfeger et al. pointed out problems with DFT to
correctly describe the electron distribution in 3d transition metals.”” As an
example, for the CuCl molecule, the Cu EFG varies between +0.67 and +0.15 for
various functionals including hybrids while a CCSD(T) result of —0.34a.u., likely
to be very accurate, agrees well with experiment. It is known that 3d metals pose
challenges for many of the popular functionals which is reflected in a rather poor
performance in EFG computations. DFT results for heavier transition metal nuclei
were not compared in ref. 293. van Lenthe and Baerends also considered Cu-X
(X = halide) diatomics in their ZORA study of EFGs cited earlier,” along with
Ag-X. The main focus has been on the halide C; however, they did not agree as
well with experiment as those for the main group diatomics which also points
toward deficient charge distributions for these systems obtained at the DFT level.
Bast and Schwerdtfeger performed a DFT benchmark study of EFGs in 2003°”
with a test set comprising various Sc, Cu, and Ga diatomics and concluded that
“it is difficult (if not impossible in some cases) to obtain accurate [EFGs] for
transition elements,” while good performance of DFT was found for the main
group element gallium. Willans et al. made a comparison between theory (ZORA
DFT) and experiment for the '*’La Cp.*'* Experimental data were derived from
SSNMR. The agreement was poor irrespective of whether SO coupling was
included in the computations or not. However, the authors noted that the crystal
environment was not modeled in the computations but might have a profound
impact on the EFGs. Lanthanum chemical shifts computed at the same level
of theory agreed reasonably well with experiment. Somewhat poor agreement
with experiment for a Ru EFG with both hybrid and nonhybrid DFT was noted
by Ooms and Wasylishen,”” albeit for a single carbonyl complex. Recently,
Thierfelder et al. proposed to apply Coulomb-attenuated hybrid functionals for the
computation of late transition metal EFGs.*™ The authors concluded
that computations on the molecules CuH, AuH, and CuX, AuX, OC-CuX, and
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OC-AuX, where X =H, E Cl, Br, I, yielded reliable results with a CAM-B3LYP
functional. Linear fits of the EFGs computed at this level of theory vs. experimental
Co yielded nuclear quadrupole moments that were in good agreement with
experimental data.

4. CONCLUDING REMARKS

NMR parameters such as nuclear magnetic shielding and indirect spin-spin
coupling tensors, or nuclear quadrupole coupling tensors, can be computed from
first-principles quantum theory as energy derivatives. Although continuing
developments aim at further improvements regarding the speed and accuracy
of such computational methods, in particular during the past 15 years a large
number of publications have demonstrated the maturity and reliability of
available relativistic methods for NMR computations. Relativistic effects on these
“nuclear” properties can be very large. Examples are ~100% or more relativistic
increases of heavy-atom-light-atom nuclear spin-spin couplings. NMR chemical
shifts and nuclear quadrupole coupling constants can also be very strongly
affected by relativistic modifications of the molecule’s electronic structure. There
are now a number of program implementations available that researchers can use
to compute such properties efficiently at some level of approximation for the
treatment of relativistic kinematics, even for quite large molecules.
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1. EXPERIMENTAL METHODS

The measurement of relatively large one-bond silicon—carbon coupling constants
usually does not pose problems. Contrary to that, the measurement of small
silicon—carbon multiple-bond coupling constants similarly as detection of sign of
any coupling constant needs special NMR techniques. This chapter is devoted
mainly to a description of these techniques. A design of an experiment for
detection of coupling constants is generally highly specific, depending on a
coupling network and abundances of isotopes in a play. For this reason, from a
huge number of existing experiments, only those dealing with *’Si-'*C spin-spin
interactions were considered here. A great number of the experiments described
in this section can be found in a review.'

1.1 Sensitivity of >C and *’Si NMR spectra

In this section, a brief description of NMR properties of °C and *’Si nuclei
and basic NMR methods for detection of their NMR spectra are quoted.
A comprehensive description of NMR properties of both the nuclei can be found
in the book,” particularly for '>C NMR in Levy and Nelson’ and for *’Si NMR in
Brevard and Granger.*

A natural abundance of *’Si isotope is 4.7% contrary to 1.1% of natural
abundance of '°C isotope. Due to slightly higher magnetogyric ratio of '°C, the
relative receptivity of silicon with respect to carbon is 2.09.> Another factor
influencing an NMR signal intensity in a basic one-pulse experiment with proton
decoupling is a longitudinal relaxation time T, (longer T; needs longer relaxation
delay and the experiment lasts longer time) and a value of Nuclear Overhauser
Effect (NOE). Brevard and Granger” state that typical T;(*’Si) values are in a
range 5-150s; similar span can be seen in ref. 5 with exception of silicates with
relaxation even below 1s. Similarly T;(**C) values lie in a range 1-100 s according
to Harris and Mann” or Levy and Nelson.” On the other hand, it seems that in
most practical cases T;(*’Si) values are usually in a range tenths of seconds and
'3C longitudinal relaxation times are frequently one order shorter. It results in a
fact that ">C one-pulse experiments are routinely carried with recycle delays
of a few seconds while *°Si one-pulse experiments need recycle delays usually
one order longer. The NOE contribution to an NMR signal intensity of nucleus X
under decoupling of protons H lies in a range from zero to yu/@2yx);
consequently, overall signal intensity falls within an interval from 1 to (1+yy/
(2yx)). Therefore, for X = '>C both magnetogyric ratios are positive and NOE
contribution enlarges the signal intensity up to a triple while for X = ?°Si the
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magnetogyric ratio yg; is negative and NOE contribution subtracts from the basic
signal intensity. This could result in diminishing or even cancelation of the *°Si
NMR signal. One-pulse *°Si experiments are for this reason carried out without
NOE effect (gated decoupling-decoupling is off during a recycle delay) and
due to a long recycle delays are usually much less sensitive than >C one-pulse
experiments with NOE.

The situation dramatically changes when some polarization transfer experi-
ments (e.g. INEPT®” and DEPT') are considered. For these experiments, the
signal intensity is dependent on a number of protons coupled to a nucleus X and
certainly on optimization of delays or flip angles in the above-cited sequences.
A maximal signal intensity Amayx transferred from N protons coupled by the same
coupling constant to the nucleus X is shown in Table 1."

Polarization transfer experiments on silicon compounds (one of the first was
by Schraml'?) usually utilize *J(**Si-C~"H) or *J(**Si-C—-C-"H) coupling constants
with magnitudes in a range 4-13 Hz.” The most frequently appearing and used
protons are from methyls bonded to the silicon with fairly uniform values of
silicon-hydrogen couplings 7+1Hz. The number N of such coupled protons is
usually higher, typically one, two or three CHj; groups offering N equal to 3, 6
or 9. Taking into consideration such numbers of attached protons and the value of
yr/7x equal to roughly 5, the signal enhancement of silicon signal in such an
experiment is between 5.8 and 9.4 (see Table 1). The necessary recycle delays are
no more governed by the long T;(*’Si) but by much shorter proton longitudinal
relaxation times. With this fact and with the relative receptivity of silicon to
carbon 2.09 (see above), it can be concluded that INEPT or DEPT experiments on
#Si could give about 12-20 times more intensive signal than that given by a one-
pulse experiment without NOE on '>C or 4-20 times more intensive signal than
that given by a common >C one-pulse experiment with NOE (value 20 is for
negligible '>C NOE). A disadvantage of longer *’Si T, relaxation times changes
to a benefit when using these polarization transfer experiments. Compounds
with longer T; relaxation times usually have longer T, relaxation times too and
consequently narrower and stronger spectral lines. Really, '?°C NMR lines are
usually much broader than *Si lines. If enough long acquisition time is used and
a sample is properly shimmed, the 2°Si lines could be usually easily narrowed to
about 0.1 Hz. If it is supposed that silicon lines are on an average about 5 times
narrower than carbon lines, we can expect for *°Si experiment with polarization

Table 1 Values of maximum enhancement A, dependent on number of coupled protons N

N

1 2 3 4 5 6 7 8 9 12 15

Amax” 1.00 1.00 116 130 143 155 167 177 187 215 2.39
Amax(SDP 500 5.00 577 650 7.16 7.76 833 886 936 10.73 11.15

In units (pr/x0)-
P Absolute enhancement for 2°Si (Amax(S1) = (11/750) Amax = 5.00Amas).
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transfer about 60-100 times or 20-100 times higher sensitivity than for one-pulse
13C experiment without or with NOE enhancement, respectively.

1.2 Measurement of magnitudes of *°Si—">C couplings

Absolute values of almost all published one-bond silicon—carbon coupling
constants and even a part of multiple-bond silicon—carbon coujpling constants are
taken from normal NMR spectra from either *’Si satellites in '’C NMR spectra or
13C satellites in *°Si NMR spectra. Example of '>C satellites in *’Si NMR spectrum
is shown in Figure 1.

The ability of basic NMR spectra to offer small values of coupling constants
can be increased when using a method called “ultrahigh resolution NMR”."*'¢

The method does only one thing — it eliminates instrumental sources of a line
broadening to narrow lines as possible. By narrowing the lines, the satellites
should be less obscured by a signal of much stronger, partially non-magnetic
(*®396i'3C or '2C°Si) isotopomers with zero silicon—carbon coupling. The method
is based on a recognition that the resolution performance of usual commercial
spectrometer is much better than the resolution normally achieved in spectra.
A real limiting factor is a temperature gradient in a sample tube in concert with
temperature dependence of chemical shifts. By eliminating the temperature
gradients,'*'® much better line resolution (and signal-to-noise value) can be
gained at least for naturally narrow NMR lines. The *Si NMR lines seem be
particularly suitable because of their frequently low natural line width. The
method was applied'””'” among others for detection of >>°J(*°Si, '*C), some of
them with magnitudes below 1Hz.

tBu H

L 2)(*si,='%C) 15.8 Hz (+)

/ 13(29Si,13Cy0) 56.7 Hz (*)
13(29Si,13C=) 60.9 Hz (¥)

+
1 DL1J(29Si 13C=) 86.5Hz ()

RaS -35 -36 -37 -38

Figure 1 Example of C satellites by Y(Si, C) and ¥(Si, C) couplings around a parent silicon
line in 2°Si NMR spectrum. Reproduced from ref. 105 with permission from Wiley & Sons
Limited.
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29¢
130 130{ SI}

Difference

On JW_A'

off A~

Figure 2 Scheme of resultant C spectrum formation from two mutually subtracted spectra
with different decoupling frequencies. Reproduced from ref. 20 with permission of the
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic.

Another way to see low-abundant nuclei satellites by small couplings buried
below a base of high central lines is to suppress the central line. From a huge
number of existing methods for such suppression, only few were applied to
multiple-bond silicon-carbon couplings. A very simple one™ uses selective
decoupling of silicon while observing carbon signal under a broadband proton
decoupling. The method is illustrated in Figure 2. In one experiment, the silicon
is irradiated during acquisition in a very nearby position (or on resonance) by a
selective decoupling and in the second experiment the silicon decoupler is at a
large frequency distance. Two spectra arise with a satellite separations differently
scaled. The central peaks not connected to the irradiated isotopomer are not
influenced. By subtracting the two spectra, the central peaks are completely
canceled while non-equally scaled satellites are retained. The experiment was
originally published as a correlation experiment but if in the second decoupling
far away from the silicon position the decoupler is simply switched off,
the satellites originating from this transient have sought natural distance.
A disadvantage is +/2 times lower signal-to-noise ratio because only half of the
transients contribute to the signal of satellites. An experiment designed not
only for silicon—carbon correlation but also directly for silicon—carbon satellites
filtration is selective heteronuclear INADEQUATEN ; see Figure 3a. The
experiment is a copy of standard carbon-carbon INADEQUATE*** experiment
where all pulses are applied simultaneously to both *°Si and '*C nuclei. The
phase cycling is different. As in a standard INADEQUATE experiment, only
satellite signals (*°Si satellites in detected '*C spectrum for this case) pass through
the sequence, the central lines being canceled by phase cycling. The experiment
was proposed as one-dimensional with selective silicon pulses acting on one of
the silicon lines only, so only satellites by the irradiated silicon line are present
in the spectrum. Two compounds, 2,3,4-O-tris(trimethylsilyl)-1,6-anhydro-p-p-
glukopyranoside and methyl 2,3,4-O-tris(trimethylsilyl)-1,6-anhydro-p-p-gluko-
pyranoside, were studied and */(*’Si-O-">C) and */(**Si-O-C~"°C) couplings
were found. It appears that the experiment can be simplified to a more clear
*Si-filtered '°C experiment; see Figure 3b. This is probably the first experiment
where the silicon filter was used to reveal small (~2Hz) couplings.
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Figure 3 (a) Scheme of pulse sequence heteronuclear INADEQUATE. (b) Simplified functional
scheme. Delay 7 is set to a value 1/(4 x J(Si, C)); proton decoupling is on during whole
sequence.
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Figure 4 INEPT-HMQC correlation experiment by Berger for *C—?°Si correlation.
Reproduced from ref. 26 with permission from Elsevier Science.

Instead of 1D correlations discussed above for central line suppression, two-
dimensional X-Y correlations (HETCOR, HMQC and HSQC pulse sequences,
X and Y being general nuclei) as are reviewed'*** could be principally used.
It appears that no such correlation was tested on silicon-carbon pair of nuclei.
More efforts were devoted to much sensitive sequences with polarization
transfers from proton, which will be discussed in the next paragraphs.

The INEPT-HMQC correlation” (see Figure 4) was tested on a polymer
silicon oil. As discussed above, the polarization transfer from protons to silicon,
which is in the initial part of the sequence (delay 2 x d, = 1/(2 x ?J(*Si, 'H)),
polarization part of INEPT), usually substantially increases the signal intensity.
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A normal HMQC? follows after P3-P5 pair of pulses with delay d; serving for
both **Si-'H INEPT refocusing and *’Si—">C polarization transfer due to 'J(*°Si,
3C) in an initial part of HMQC. The d3 delay must be optimized. As a result, the
experiment shows *’Si-'*C chemical shift correlation with 'J(**Si, '*C) coupling
constants along F, dimension. It should be said that one-bond silicon-carbon
couplings could be easily detected from normal 1D spectra. Generally much
valuable is detection of small multiple-bond silicon—carbon couplings. For the
multiple-bond couplings, the maximum polarization transfer may not be
achievable by optimization of the d3 delay in this sequence, so lower signal-to-
noise ratio can result. A high suppression of central lines is necessary for
measurement of small couplings because they can be easily obscured by residua
of the central lines and it is the question whether it is achievable without a
gradient filtration.

Other sequences, INEPT-(Si, C)gCOSY and INEPT-(Si, C, Si)gHMQC, were
proposed®® especially for long-range silicon—carbon coupling studies; see
Figure 5a and b. Gradient pulses are used for a good suppression of signals of
unfavorable isotopomers (making a signal of central lines) but at the expense of
a sensitivity being lowered to 1/2 of that in an experiment without gradient
selection. INEPT-(Si, C)gCOSY (the label (Si, C) means that there is 251, 13C
polarization transfer) is a simple concatenation of '"H—*’Si INEPT polarization

INEPT ! (S,0)gCOSY
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'H i 7 7 !
I

| T
ik
] |
1 t1
Grad : E 1
1 I
I I

]

b)
INEPT ! (8i,C,8i)gHMQC
|

ARAN S5 T
1H _"_Il_"_ll_lI :
|
s UL ‘
Al i T
15C i I E itlh_*‘n_
| |
} 1
|
{ |

Grad

Figure 5 (a) INEPT-(Si, C)gCOSY and (b) INEPT-(Si, C, Si)gHMQC pulse sequences for
measurement of *C—?°Si (mainly multiple-bond) coupling constants and correlations. For a
detailed description of sequences, see original paper. Reproduced from ref. 28 with permission
from Wiley & Sons Limited.
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Figure 6 Example of INEPT-(Si, C, Si)gHMQC spectra on a solution of (Z)-tert-butyldiphenyl-
. . . .. OSiPh,tBu . .

silyl N-tert-butyldiphenylsiloxybenzoimidate (©_(Rn—osmh2xsu)' Only correlations of siloxy

group bonded to carbon of C=N fragment are shown; only aromatic region in F; (*C)

dimension was measured. Assignment of carbons C2-Cé refers to phenyls on silicon, C1

carbon is the Cj,,, of benzohydroximic acid. Reproduced from ref. 28 with permission from
Wiley & Sons Limited.

transfer with a phase-sensitive gradient heteronuclear *°Si — '*C COSY without a
refocusing period. Only Cross—geaks of isotopomers with a pair of *°Si and °C
isotopes coupled by some "J(*’Si, '°C) are shown in a 2D plane, *Si chemical
shifts being scattered along F; axis and '°C signals split to antiphase doublets by
"J(**Si, 13C) are along F, axis.

Similarly INEPT-(Si, C, Si)gHMQC?® (the label (Si, C, Si) means that there is
296i - 13C, 951 — 2954 polarization transfer) is a concatenation of "H - 2°Si INEPT
with gradient (5i, C, S))gHMQC. The (Si, C, Si)gHMQC part is designed
particularly for fully phase-sensitive detection of small "J(**Si, °C) <2-3 Hz. The
detailed explanation of the sequence is in the original paper. Example of a
spectrum is shown in Figure 6. Contrary to the previous sequence, ">C chemical
shifts are along F; dimension and 2Gi ones along F, dimension, "1(*si, 13C)
antiphase doublet splitting being along F, dimension.

Both these sequences suffer from a signal intensity loss due to the gradient
pulses during proton decoupling. Gradient pulses typically last 1 ms and during
these pulses most of the sample is not in the region where the proton decoupling
is efficient. The heteronuclear proton—carbon or proton-silicon evolution by one-
bond heteronuclear couplings takes place during these millisecond pulses which
results in a signal loss. Both these sequences were redesigned to improve them
and were successfully tested.”” INEPT-(Si, C)gCOSY was simply substituted by
non-gradient INEPT-(Si, C)COSY (Figure 7a) which is a concatenation of known
experiments. A perfect gradient suppression of a central carbon peak by **%Si
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Figure 7 (a) INEPT-(Si, C)COSY and (b) new version of INEPT-(Si, C, Si)gHMQC. Reproduced
from ref. 29 with permission from Wiley & Sons Limited.
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isotopes is not in this case necessary because the signal by *°Si isotope satellites
not only has natural integral intensity 4.7% but also is almost 10 times increased
by proton-silicon polarization transfer (for Si(CHj); groups, see Table 1). So the
integral intensity of such *Si satellites in a carbon spectrum can achieve about
44% of an integral intensity of the central carbon peak by 2*°°Si isotopes and the
latter is easily suppressed enough by a phase cycling. A new version of INEPT-
(51, C, SHgHMQC (Figure 7b) has only moderately modified the proton
decoupling during the gHMQC part and t; evolution delay is shifted after last
refocusing '°C pulse. Due to selected positions and lengths of the decoupling
delays during the gHHMQC part, the sequence behaves as the original one but the
decoupling is off during the gradient pulses, so no attenuation described above
takes place. Symbols in the schemes in Figure 7a and b for both sequences have
the same meaning as for the original pulse sequences in Figure 5.

1.3 °Si-C couplings with signs

For later purposes, the reduced coupling constant K(X, Y) is defined” by a relation

hx yx x py x K(X,Y)
4 x 12

NMR cannot identify absolute signs of coupling constants. Only relative
signs of two coupling constants could be measured. For such experiment, at least
three different atoms (positions) in the molecule are necessary; let us call them

(1)

JX,Y) =
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X, Y and Z. At least two couplings between these atoms must be of non-zero
value and a result of the experiment is a finding whether both couplings
have equal or different sign and also detection of magnitudes of both couplings.
In our case of J(**Si, °C) couplings, the third atom in the coupling triad must
be one of the natural abundant nucleus such as 'H, '°F or ®'P, else we run into a
severe problem with sensitivity when trying to detect isotopomers with three
low-abundant nuclei (e?. for a °si-13C-"3C isotopomer, the natural abundance
would be about 5 x 107°).

13.1 One-dimensional experiments

Older experiments (spin ’cickling,30 spin decoupling and selective polarization
transfer (SPT or SPI)*' ) for relative coupling sign estimation will be briefly
described in this chapter. These experiments were originally used for assignment
purposes or polarization transfer enhancement and are only scarcely used
nowadays but may be of some use for solution of simple problems. The spin
tickling and selective decoupling experiment differ only in the intensity of
decoupling field applied; the spin tickling field has “intensity”” usually few hertz
while the selective spin decoupling should be enough intense to collapse an
observed multiplet into a single line. These experiments can be frequently found
under a term “perturbation” or “double resonance” and some of them are
connected with measurement of ](2981, 130y coupling constants.**>? SPT or SPI
experiment applied to a pair of mutually coupled nuclei X and Y selectively
inverts one line of the first (X) nucleus multiplet causing no equilibrium change
in populations of both nuclei. Then hard excitation pulse is applied on Y nucleus
and a signal is detected. The overall result is a polarization transfer from X
nucleus to Y nucleus. For a detailed description of these experiments, see the
papers quoted above.

In the next, an application of these experiments for relative coupling constant
sign elucidation is described. Let us consider a hypothetical molecular fragment
Si-C-H for illustration purposes with close to reality coupling constant 'J(*°Si,
13C) = =50 Hz, 'J("°C, '"H) = +120 Hz and *J(*Si, 'H) = +7 Hz (note that the signs
of the couplings are supposed). Homonuclear proton—proton couplings are not
considered here. A rough drawing of *’Si and "H NMR multiplets for *’Si-'*C-'"H
isotopomer is presented in Figure 8a. Let us suppose that we irradiate a lower-
frequency 'H doublet in the *’Si spectrum (e.g. lines 3 and 4) by a selective
decoupling (i.e. lines 1 and 2 are not influenced — they are off resonance) and
that we simultaneously observe 'H NMR spectrum (see Figure 8b). The lines 3
and 4 in the silicon spectrum and lines d and e in the proton spectrum belong to
the carbon spin state 1,(C) = —1/2. So the proton lines ¢ and d will collapse to
a singlet by the silicon-selective decoupling of lines 3 and 4. The lines 1 and 2 in
the silicon spectrum and the lines a and b in the proton spectrum belong to the
carbon spin state 171,(C) = +1/2. The lines 1 and 2 are not affected by the selective
silicon decoupling; consequently, lines a and b in proton spectrum are left intact.
Similarly selective decoupling of high-frequency proton doublet in silicon
spectrum would cause collapse of high-frequency silicon doublet in proton
spectrum. According to Harris and Mann,” it means that reduced couplings
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Figure 8 (a and b) Illustration of spin tickling or selective spin decoupling experiments for
detection of relative signs of coupling constants J(Si, C) and J(C, H).

(for a definition, see Equation (1)) K(*3C, 'H) and K(**Si, *C) have identical sign.
Accounting for different signs of magnetogyric ratios yy and yg;, the couplings
](13C, H) and ](2981, 13C) (see Equation (1)) should have different sign.
Explanation of the rule above published by Harris is not so easy because of
generally different signs of magnetogyric ratios of nuclei involved and because
only absolute values of resonance frequencies are observed in NMR. The topic
can be clarified in, e.g., the case of *’Si-'*C~'H isotopomer. The carbon satellite
positions vy(11,(C)) and vg;(1m,(C)) in 'H and ?°Si spectra can be expressed by
Equations (2a) and (2b) (mutual silicon—proton coupling not considered here):

vr(m,(C)) = lyn[Bo(1 + o) + m,(C)ycK(PC,'H)]| (2a)

vsi(1,(C)) = |ys[Bo(1 + as;) + m,(C)ycK(**Si,2C)]| (2b)

here By is a static magnetic field (By>0 by definition) and oy and og; the
individual chemical shifts of hydrogen and silicon. The first terms in
Equations (2a) and (2b) are resonance frequencies of uncoupled nuclei in the
By static field while the second terms represent coupling splitting. It is seen from
Equations (2a) and (2b) that when both reduced coupling constants K have the
same sign, then the carbon magnetic quantum number m,(C) shifts the resonance
frequency for both silicon and proton in the same direction with respect to the
products By(l+oys;) (increases or decreases it). When the reduced coupling
constants are of different signs, then the satellite by m,(C) = +1/2 is at higher
frequency for one nucleus and at lower frequency for the other nucleus.

If Si-C-H,, fragment is considered in the selective experiments, the solution
is similar as for Si-C—H fragment. Instead of doublet by silicon—proton coupling,
there will be a multiplet in *’Si spectrum with larger number of lines spread over
a broader region. Stronger selective decoupling can solve this change. Homo-
nuclear proton—proton couplings add some splittings to the proton spectrum but
the experiment should be still efficient.
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The above example of selective decoupling can be directly extended to the
other selective methods (SPI or SPT) from this chapter.

The basic problem of these experiments when aimed at measuring small
couplings is the impossibility to suppress much stronger signals of highly
abundant isotopomers (38306;_13C_1H, 2Gi-12C-"H and ?**"Si—'>C-'H; not shown
in Figure 8) which can completely bury small and closely spaced satellites of
#Si-C-'H isotopomer. The more abundant isotopomers can be efficiently
suppressed in 2D experiment described in a following chapter.

13.2 Two-dimensional experiments
By far the most important principle for elucidation of relative signs and values of
coupling constants was probably shown first by Bax and Freeman.*’ They noted
that when two-dimensional correlation between two nuclei X and Y is performed,
a third nucleus Z coupled to both X and Y nuclei and not influenced by the
pulses of the sequence sets up what is now called E-COSY pattern suitable for
comparison of signs of K(X, Z) and K(Y, Z) reduced couplings (see Equation (1))
and consequently signs of both coupling constants. The Z nucleus is called
“passive nucleus”. An example of E-COSY cross-peak is in Figure 9. The E-COSY
pattern has either a positive tilt (cross-peak positions are (wx+1/2 x (X, Z),
oy+1/2 xJ(Y, Z2)) and (wx—1/2 x J(X, Z), woy—1/2xJ(Y, Z)) in 2D plane) or a
negative tilt (cross-peak positions are (wx—1/2 x J(X, Z), wy+1/2 x J(Y, Z)) and
(ox+1/2 x J(X, Z), woy—1/2x J(Y, Z)) in 2D plane). According to the rule from
Harris and Mann” or Equations (2a) and (2b), if the peaks tilt to the right the
reduced couplings K(X, Z) and K(Y, Z) have the same sign. If the peaks tilt to the
left, the reduced couplings have opposite signs. In general, almost any two-
dimensional correlation (e.g. HETCOR, HMQC, HSQC and HMBC; see, e.g. Ernst
et al.*") could be used for X and Y nuclei under assumption that the nucleus Z
remains passive during the whole duration (or its important part) of the
experiment. In practice, a large number of usually "*C—'"H HETCOR experiments
("H excitation and '°C detection) were carried in a group of Wrackmeyer*>** to
detect signs and values of silicon—carbon coupling constants and many others.
If the passive nucleus Z has a naturally abundant isoto?e Z° with a zero nuclear
spin number (as are NMR inactive isotopes 2830Gi and 2C, natural abundances
about 95% and 99%, respectively), the intense cross-peak by the Z° isotope (central
peak) could either cause problems with a dynamic range of a receiver or even can
bury the E-COSY pattern. To solve this effect, the indirect detection experiments
with simultaneous suppression of a signal due to isotopomers with magnetically
inactive Z° isotope were proposed and tested by Kupce et al.** In WP-BIRD-
HMQC and W-BIRD-HSQC**® (see Figure 10), a central peak corresponding to
isotopomer containing Z° isotope is selectively inverted by the first two proton
pulses spaced by delay 7 (initial W-BIRD part of the sequences) while satellites by
magnetically active Z isotope remain not inverted. The Z° isotope center band is
then left to relax during delay T to zero. Then 'H-Y indirect experiments starts. The
result is a usual 'H-Y heterocorrelation spectrum with passive Z isotope satellites
making E-COSY pattern and with the central line due to the Z° isotope diminished.
In the case of small silicon—carbon coupling constants, there is usually a correlation
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Figure 9 'H-?°Si W-BIRD-HSQC experiment applied to Si(OMe), through *('H-C-0-?%5i)
coupling. E-COSY pattern has splitting by %(**Si-O-"C) coupling on vertical ?°Si scale and
standard splitting by Y(C, 'H) on 'H scale. Left tilt of E-COSY pattern indicates different signs
of 2K(**si, ®C) and 'K(*C, "H) which points to positive value of ¥(**Si-O-"C) = +1.2 Hz. Star
marks not totally suppressed signal of central peak by 'H-?%2°Si-"2C and (or) by 'H-*?Si-"*C
isotopomers. Reproduced from ref. 45 with permission from Wiley & Sons Limited.

"H-*Si done with '°C as passive nucleus (Z° isotope being '*C). For an example
spectrum, see Figure 9 from the paper in ref. 45, where *J(*’Si, '>C) was detected.
An effect essentially similar to the W-BIRD excitation can be achieved by selective
inversion of the central line by some of the suitably shaped pulses* followed
by the delay T. A BIS-HMQC experiment”” is a standard HMQC experiment where
the first excitation proton broadband pulse is substituted by a train of hard
binominal pulses. The train selectively excites only the NMR active Z isotope
satellites, thus leaving Z° isotope central line (almost) not affected and (almost) not
contributing to a signal. Meier et al.*’ used the same trick but applied shaped pulse
instead for the same task in 'H-*C HMQC and 3'P-'*C HMQC experiment with
Fe as a passive nucleus.

The experiments described up to this point in this chapter require non-zero
values for all three couplings J(Si, H), J(C, H) and J(Si, C). gHSQC-RELAY (P) and
gHSQC-RELAY (D) pulse sequences™ (Figure 11) represent a possibility to
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Figure 10 W-BIRD-HMQC and V-BIRD-HSQC experiments. Reproduced from ref. 45 with
permission from Wiley & Sons Limited.
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Figure 11 (a) gHSQC-RELAY(P) and (b) gHSQC-RELAY(D) pulse sequences. For details, see
original paper.>® Reproduced from ref. 50 with permission from Wiley & Sons Limited.

measure passive couplings [(X, Z) and J(Y, Z) in a X-Y correlation experiment
even if no coupling J(X, Y) exists. The sequences were designed for moieties
such as Si — O — CH* — CHP, where °](*Si, '"H*)~3Hz but */(*°Si, '"HP) = 0.
Then '"HP-*Si direct correlation is impossible. The sequences in principle run
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Figure 12 gHSQC-RELAY(D) sequence applied to (E)-(buta-1,3-dienyloxy)trimethylsilane
(CH5)35i—O—C(ar)H = C(B)H—CH==CH,. Due to applied "C filter, all E-COSY patterns have
changed tilt (right tilt changed to left tilt and vice versa), which must be accounted for. This
gives for 2K(*°si, C) negative value and for *K(*Si, °C) positive value. Reproduced from ref.
50 with permission from Wiley & Sons Limited.

"H*-*’Si HSQC experiment followed by the RELAY transfer (by INEPT step)
H*>HP (non-zero *J(H*, HP) is needed), so both cross-peaks for C* and Cch
appear in the HSQC spectra. The RELAY step is incorporated in a back
Eolarization transfer *°Si— '"H” This is possible due to the fact that (and only if)
1(*°Si, '"H*) are smaller than *J(H*, HP). To cope with undesirable coherence
loss due to homonuclear proton—proton evolution during the sequences, either
band-selective pulses (gHSQC-RELAY (P)) or optimized delays (gHSQC-RELAY
(D)) are used. Gradient selection of coherence transfer pathways ensures good
suppression of the strongest **°°Si-'>C-'H isotopomers. For suppression of
6i-'2C~"H isotopomers, a simple non-gradient broadband filter based on 'J(*°C,
'H) can be incorporated. The experiments give E-COSY patterns with >*J(*’Si,
3C) along F; dimension a 'J(*>C, 'H) along F, dimension. For an example, see
Figure 12. The single RELAY transfer restricts the method to *°J(*°Si, °C) and is
used to limit the polarization transfer to H* and HP because silicon—carbon
couplings over four and more bonds appear to be smaller than about 0.5-0.7 Hz
and they do not carry usable information. When it would appear necessary to
measure more than three-bond silicon—carbon couplings in some compounds,
TOCSY"'*? proton—proton polarization transfer would be a better choice than the
RELAY. A modification of the sequences would be necessary.

2. COUPLINGS — RESULTS

Fundamentals of the theory of isotropic coupling constants can be found, for
example, by Harris and Mann” and in the references cited therein.
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Surveys concerning silicon—carbon coupling constants appeared in the past
as paragraphs or chapters in more general review articles dealing usually with
silicon compounds. A lot of the information appearing in this chapter can be
found in the book? and in the review articles by Marsmann,® Coleman,” Kupce
and Lukevics,”* Takeuchi and Takayama55 and Wrackmeyer.56

2.1 General theory

The basic formula for indirect (nuclear) spin-spin interaction was earlier
formulated by Ramsey”” on the basis of Hamiltonian H:
~ SO SO(b) £S5  ~FC
A=+ 5+ 6% + A 3)
The first two terms in the above equation represent spin-orbital interaction
between nuclear spin and orbital moment of electrons, H* is spin-spin
interaction between nuclear and electron spins and H" a Fermi contact term
~ FC . 4/10 ‘uBh
322 7a0(ria)Si - 1n)
where pp is Bohr magneton, y5 and I, the magnetogyric ratio and spin operator
of the nucleus A, Sy a spin operator of the electron k, s a distance vector
between the nucleus A and the electron k, and § the Dirac delta function. The
total nuclear spin-spin coupling energy Eap between nuclei A and B was
expressed by Ramsey” for non-viscous, isotropic and not oriented fluids by
second-order perturbation theory as a sum of four independent contributions
each originating from one of the four Hamiltonian parts in Equation (3) without
cross-terms:

(4)

Eas = Exp” +Exs +Exp + Enp )

Consequently, spin—spin coupling J(A, B) between nuclei A and B can
be similarly expressed as a sum of four different contributions without cross-
terms:

J(A,B) = J(A, BY**@ 4 J(A, By*°® + J(A,B)*® + J(A, B)* (6)

On the basis of Ramsey’s formulas, Pople and Santry™ derived formulas for
all four terms in Equation (5) under the assumption of independent electron
model and minimum valence shell atomic orbitals. The most important and
widely used is the formula for the Fermi contact contribution:

16h1110413

I(A,B)FC=—< 5 )«/AyB<sA|5<rA)|sA><sB|6<rB)|sB>

x> > (Ex — Ej) ' CjoaCusaCrspCion

where s, and s refer to s orbitals on the atoms A and B, Ejand E the energies of
basic and excited molecular orbital state and C coefficients the LCAO coefficients
for s, and s for the basic j and the excited k molecular orbital states. The formula

)
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is frequently used in a different form
dhpo 1
JABYC = - (%) 775 ¥5a (0 ¥ep(0)°Tas ®)

where ¥ 4(0) and Y5(0) are (s) electron densities of bonding molecular orbital
on atoms A and B and mutual polarizability I15p is defined as

IMap =4 Z Z(Ek — Ej) " CjoaCrsa CisBCist )

Equations (8) and (9) are frequently simplified to the following equation in
a literature (written for *°Si and °C nuclei):

16h13
9 AE

here AE is (average) energy difference between basic and excited bonding
molecular orbital functions, cg; and cc the coefficients of the s orbitals in the
bonding molecular orbital functions and 1* a normalization constant. Note that
this frequently used average excitation energy approximation could give only
negative 'J(*’Si, °C) due to the fact that all the quantities in Equation (10) are
positive with the exception of ys;.

](2981,130=]<29Si,13C)FC:( )ysﬂcnzwsﬁ<0)2\Psc<0)2céicé (10)

2.2 Y(**si, ®C) couplings

Results of studies made on silicon—carbon one-bond couplings are sketched in
the following text. General conclusion from these works is that substantial
contribution to the silicon—carbon couplings is due to the Fermi contact term
(Equations (7)-(9)), and that signs of all these couplings are negative. Generally,
the higher the s-character of the silicon-carbon bond, the higher is absolute value
of the coupling, so the couplings increase from C(sp3) through C(sp2) to maxima
for C(sp) hybridized carbons. This is in accord with Equation (10). Similarly,
electronegative substituents on silicon or carbon increase the s-character of
the silicon—carbon bond too and lead to an increase in the absolute value of the
silicon—carbon coupling. The magnitudes of the couplings range from about
15Hz>" (1Hz coupling was found for coordinative bond®’) to 177 Hz for Cl;Si~
C=C-nBu.”" Most of the values lie in a region from 40Hz to below 100Hz.
Extremely small values can be found usually in compounds with somewhat
weakened silicon—carbon bonds and the highest values are connected with
SiCls group.

The chapter then proceeds with silicon—carbon couplings in specific kinds of
compounds and finally pays attention to the isotope-induced chemical shifts and
assignment problems in connection with silicon—carbon couplings.

A particular application of Equation (10) was proposed®”®’ to establish
pivotal role of Fermi contact interaction in a set of compounds. It is based on the
observation that |Wsx(0)!| is directly proportional to the atomic number Zy.
Let us assume that we have a set of compounds where only one position X is
substituted by different atoms with similar bonding properties, for example, C,
Si, Sn and Pb group. Then ckc%/AE is expected to be constant and the linear
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dependence of |'K(X, Y)1'/? on Zx could be expected if Fermi contact term plays
a dominant role. If such dependence is observed, then it is supposed that the
value of 'K(X, Y) is dominated by the Fermi contact term. Dreeskamp and
Stegmeier’” and Weigert et al.* applied successfully this correlation to 'J(X, C) in
a compound set of XMe, (X = C, Si, Sn, Pb) (see Figure 13).

Kéhler et al.”> used this correlation for a set of cyclopentadienyl anions
(MesX-cp).Fe (X =C, Si, Sn, Pb) successfully too (including correlations for
>%J(Si, C) couplings).

Wrackmeyer and Biffar®® measured one-bond silicon—carbon couplings for non-
cyclic organosilanes CH,_,,(Si(CH3)3),, (n = 1-4), (CH3)4—,,C(SI(CH3)3),, (n =1, 3)
and cyclic organosilanes ((CH3),S5iCH,),, (n = 2, 3) and (CH3),51(CHy); 1. Reduced
couplings 'K(**Si, E), 'K(**C, E) and 'K(*"*Sn, E) (E = 'H, "B, "°C, *°Si, '"°Sn) were
compared for some of the silicon compounds above and for their analogs with
silicon atom substituted by carbon or tin, respectively. The conclusions were
that ratios of the reduced coupling constants studied are close to ratios of
densities Wy5(0)*/Wsc(0)? (~2), Wen(0*/ Wsi(0)* (~4) and Wisn(0)*/Woc(0)* (~8).
This points to a dominant role of the Fermi contact term under the assumption
that the term cici/AE from Equation (10) is considered as independent of the
nuclei Sn, Si and C.

M { s

eZS|\ y
4
1

Kovacevic and Maksi¢” calculated one-bond silicon—carbon couplings by
maximum overlap approximation method assuming that the Fermi contact term

(XX, C)hy) V2 CIX, Hyp Y2

28—

24

20

16

12

Figure 13 Reeves and Wells correlations of 'K(X, C) (M) and *K(X—C-H) (®) reduced
couplings in MesX set of compounds (X = C, Si, Sn, Pb) with Zx atomic number. Reproduced
with permission from ref. 64. Copyright 1968 American Chemical Society.
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has a dominant effect using simplification in Equation (10). The authors computed
the product c5(0)°cc(0)* and fitted experimental data for six compounds by
Levy et al.°® with different carbon hybridization parameters (all sp3, sp2 and sp
carbon atom hybrids are presented by Me,Si, EtsSi, PhSiMe;, ViSiMes, VirSiMe,
and Ph—-C =C-SiMej;) into the relation (10) with result:

17(**S1,1*C) = 555.4c3,c2 + 182 (Hz) (11)

The correlation has standard deviation 2.2Hz and is quite superior when
considering the coarse approximations used, that is, average excitation energy
approximation and charge dependence of W.s(0)*W.c(0)* value. Thus, the
correlation appears to confirm that the Fermi contact contribution dominates
the one-bond silicon—carbon coupling.

According to the Bent’s rule,”” another quantity influencing the s-character of
the valence bond and consequently a value of spin-spin coupling is electro-
negativity of nearest neighbor substituent. Harris and Kimber”" searched for such
a substituent X electronegativity (yx) influence on 'J(*°Si, '*C) in a series of 12
Me;SiX compounds, and they found the correlation

I'(Si,C)| = 7.90,x + 31.5 (Hz) (12)

with correlation coefficient r = 0.96 and number of points n = 12 (see Figure 14).
The authors then suggest that the Fermi contact term provides the dominant
contribution to the coupling. This is confirmed by another correlation between
'K(Si, C) for the above-mentioned compound series and 'K(C, C) for analogous

65

55—

|23gc |/ Hz

50 -

40 | | | |
15 2.0 25 3.0 35 4.0

X

Figure 14 Dependence of Y(Si, C) couplings in Me;SiX compounds on the X substituent
electronegativity yx. Reproduced from ref. 70 with permission from Elsevier Science.
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series of Me;CX compounds® (see Figure 15):
I'K(Si, C)| = 1.72'K(C,C)| + 0.80, r=0.96, n=7 (13)

The authors conclude that the same mechanism, that is, Fermi contact term,
is taking place for 'J(Si, C) and 'J(C, C) couplings and that probably the silicon
d orbitals do not participate to any great extent in the silicon-carbon bonding.
They conclude also that the one-bond silicon-carbon coupling constants are
generally negative because neither of the observed coupling constant magnitudes
approaches zero (so it is supposed that there cannot be some of the couglin S
positive and other ones negative) and because 'J(Si, C) measured on Me,Si*>>*""
and later in other compounds (e.g. paper in ref. 42) was detected to have a
negative sign.

In another work, Harris and Kimber’” studied a series of methylethoxysilanes
Me,Si(OEt)y_,, n =0-4. One-bond silicon-carbon couplings increase strongly
non-linearly with increased number of the ethoxy groups. The changes are so
large that if only changes of s-character of atom orbitals are considered, then
substantial changes in s-electron densities must be supposed in order to save
Fermi contact interaction model. The measured values were satisfactorily fitted
by an empirical quadratic fit by Ditchfield et al.”

Dreeskamp and Hildebrand”* studied a series of vinyl-, chlor- and
chlormethyl-substituted tetramethylsilanes and concluded that magnitudes of
'J(Si, C) in these compounds are proportional to the s-character of atomic orbitals.

Beer and Grinter”” calculated 'J(Si, C) coupling constants by finite perturba-
tion theory at the INDO level of approximation for 20 simple silicon compounds

10.0
95
T
=
b
<
pzd
g 90
o
=
(@]
[}
X
= -
85
8.0 | |
4.0 4.5 5.0 55

|1KCC|/1020 NA~2m™3

Figure 15 Dependence of 'K(Si, C) reduced couplings in Me;SiX compounds on corresponding
'K(C, C) reduced couplings in Me;CX compounds. Reproduced from ref. 70 with permission
from Elsevier Science.
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including sp3 and sp2 hybridized carbons bonded to the silicon and other
different substituents at the silicon. The results testified that the spin—orbital and
the spin—dipolar terms are negligible in magnitude relatively to the Fermi contact
term and they even mutually cancel so that their combined effect is below 1% of
the total coupling. Correlation coefficients with experimental data lie in a range
0.966-0.985. Silicon d orbitals were not required for the computations.

2.2.1 Silacyclobutanes and silacyclopentanes

In ref. 66, a surprisingly low value of 'J(Si, C(Me)) coupling in (CH3),Si(CH,)3 (1)
is discussed. It is inferred that 'J(Si, C(Meeq) >1](Si, C(Me,,)) with the observed
value bemg an average (due to ring flipping) from axial and equatorial positions.
Value of 'J(Si, C(Meeq )) is supposed to be close to value in linear silanes and
lower value of 'J(Si, C(Me,,)) should be the source of the averaged lower value of
the detected coupling.

Krapivin et al.”® studied a large number of silacyclobutanes and silacyclo-
pentanes by *°Si and '>*C NMR and by semi-empirical calculations. The authors
concentrated to explanation of endo- and exo-silicon-carbon coupling constants in
silacyclobutanes which have lower values when compared to silacyclopentanes
or non-cyclic silanes. The influence of inclusion of silicon d atomic orbitals into a
basic molecular orbital set was studied, so calculations with sp and spd hybrid
orbltals were compared. First, influence of the product of bond-order parameters
c3,c2 from Equation (10) on ](Sl C) was tested. A better linear correlation
between 'J(Si, C) and the product c2,c2 was obtained for spd hybrid bases than for
sp bases (see Figure 16) but different slopes for the fit lines in Figure 16 indicate
that this approach is not sufficient. The authors then considered possible
influence of geometrical deformations (bond lengths and angles) on the c4c2
values but the calculated values changed too slightly with the angles and
distances varied for both sp and spd hybrid bases and thus the geometrical factor
was ruled out. From other two remaining factors AE and V¥ :(0)?W.(0)%in
Equation (10), authors did not try to calculate AE but concentrated to values of
the valence shell electronic densities at nuclei. They considered effective nuclear
charge (Z*) as the main source of Y i (0)*¥(0)? changes and found that spd
basis leads to the desirable decrease in the value of W.g;(0)*W.(0)* while the sp
basis did not give any usable change. They conclude that the effect of d orbitals to
NMR parameters is significant.

2.2.2 Aminosilanes
Kupce et al.”” studied a series of cyclosilazoxanes (Me;Si-X),,, X = O, NH, n = 3-6
(in detail see Table A9). It is concluded that 'J(Si, C) coupling values for
N-SiMe,-N (62.3-64.5Hz), N-SiMe,-O (68.2-69.8 Hz) and O-SiMe,-O (74.0-
74.5 Hz) fragments lie in very narrow and non-overlapping regions which allows
one to use them for ana 8ytlcal purposes.

Kupée and Lukevics”® measured one-bond silicon—carbon couplings for about
40 simple aminosilanes and correlated 'J(Si, C) with 'J(**Si, '°N) (both couplings
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Figure 16 Dependence of Y(Si, C) in cyclic carbosilanes on a calculated bond-order

parameter P%s,sp. spd base (plot A) and sp base (plot B) were used for calculations. Different
points corresponds to: (1, @) Y(Si, C(2)); (2, O) Y(Si, C(Me)) in xysi > (5, W) Y(si, C(2)); (6, O)
Y(si, C(Me)) in xvs{ j (3, A) Y(Si(a), C(2,4)), Y(Si(b), C(2.4)); (4, 2) j(Sl(a) C(Me)), Y(si(b), C(Me))

in XYSi(a)_ Si(o)Me; (7, #) Yisita). (), U(sita). C(5) /(Sl(b) C(2)), Y(si(b),
C(4)); (8, ©) YSi(a), C(Me)), Y(Si(b), C(Me)) in xMesi( )sqsl(b)Mez Reproduced from ref. 76 with

permission from Elsevier Science.

for the same molecule) for 7 picked up (unspecified) derivatives
17(*%s1,'5N) = 0.41'J(Si, C) — r=097 (14)

The authors state that according to this correlation, 1K(*si, ®N) and 'K(Si, C)
are governed by the same mechanism, that is, by Fermi contact interaction and

that 'K(*’Si, N) must be positive due to the increase with electronegativity of the
substituent on the silicon. Absolute values of both couplings are correlated in

Equation (14).
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The same procedure with the same conclusions was applied for few
disilazanes” resulting in the following equation:

17(*%s1,'°N) = 0.31'J(Si,C) — 4.0, = 0.993 (15)

The slope lower than that in Equation (14) is explained by lower electro-
negativities of substituents on the nitrogen.

A year later, Wrackmeyer et al.*” found one more general correlation between
17(*%si, "®N) and 'J(Si, C) but in this case a set of aminosilanes was compared with
a set of compounds with N substituted by CH:

17(*?s1,'°N) = —0.64'J(Si,C) — 15.5 (16)

The 'J(**Si, "N) value on the left side of the above equation is taken from
aminosilane while the 'J(Si, C) on the right is from the corresponding compound
with CH replacing N. The negative sign of slope in Equation (16) is because
signed values of couplings are considered.

The Si-Br-Si bridging was detected®’ in the trisilylamine [Me,(Br)SilsN by
unusually low value of one-bond silicon—carbon coupling (56.2 Hz) and by low
value of silicon—nitrogen one-bond coupling. Three fluxional structures of the
compound were proposed where on average the nitrogen and methyl groups are
forced to move into pseudo-axial positions which lead on average to smaller
couplings.

2.23 Si-C=—C fragments

Liepins et al.*” studied substituent effects on a-silylstyrenes (E)-PhC(H) = C*(H)-
SiR; (Rz: Me,Cl;_,, Me,Phs_,) and silyldichlorocyclopropanes 2a,b (Rs:
Me,Ph;_,). The absolute values of 'J(Si, C()), 'J(Si, C(Me) and 'J(Si, C(Ph))
increase with increasing number of the phenyl substituent on the silicon which is
explained by increased positive charge on the silicon atom. For o-silylstyrenes,
the following equation between one-bond silicon-carbon couplings and a sum of
Pauling electronegativities ) AE was found:

'(S1,C) = —149.6 + 284 Y "AE, r=0987, n=7 17)

Wrackmeyer et al.** found increased values of 'J(Si, C) couplings in compounds
3a,b compared to couplings in compounds 4a,b. The phenomenon of increased
coupling was interpreted as due to a coordinative bond between silicon and
nitrogen in 3a, b.

Ph\T Ph
Cl,C —o¢
v 2 \ L
CIZC/ SiR, \/ sir,
2a 2b
Cl

E,B.  SiR, R, a=Me,b=(H)Me

Et NMe,
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Cl\
ELB SR,
:< R,: a=Me,; b = (H)Me
Et Bu
4a,b

Kamieriska-Trela et al.** measured 'J(Si, C) couplings on three cis- and three
trans-1-trimethylsilyl-1,2-dihaloethanes (Me;Si-C(X)=C(H)X, X =Cl, Br, D.
They concluded that values of the 'J(Si, C) couplings clearly depend on the
electronegativity of the substituents as expected, that is, with the increasing
electronegativity of the substituents the 'J(Si, C) value also goes up.

Liepin$ et al.*” studied series of about 40 silaethylenes of types Me;_,X,Si-
CH)=—CH)Cl = trans, II = cis), Mes_,X,Si-C(H)—CCl, {II), Me;_,X,Si—
C(CH)—CCl, (V) and Me;_,X,Si-C(H)—C(H) -SiX,,Mes_,, (V), where n = 0-3,
X =Cl, MeO, EtO. For the values, see Tables B1.1, B1.4 and B1.5. Linear
correlations were found between ! J(5i, C(C==)) and the sum of electronegativites
of substituents bonded to silicon (>_E):

I: 'JSLC(C=))=-71.0+202Y E, n=8,r=0964 (18a)
M: YSi,C(C=)) = —69.6+204> E, n=8r=0969 (18b)
I: 'S, C(C=)) =—622+19.0 E, n=6,r=0984 (180)

IV: J(Si,C(C—))=—897+235> E n=6r=0987  (18d)

The tight dependences on the ) E point to a major role of positive charge on
'J(Si, C(C=)) couplings. Roughly linear correlation was found between 'J(Si,
C(C=)) and 'J(Si, C(Me)) in the same molecule for compounds studied (see
Figure 17a) but a different slope emerged for Cl- and EtO-substituted
compounds. More pronounced is this effect for correlation between 'J(Si,
C(Me)) and ?(Si-C(Me)-H) shown in Figure 17b. The effect was partially
explained by the expected stronger (p—d)m interaction between silicon and
methyl carbon for EtO substituent than for CI substituent. This interaction was
inferred from a different behavior of the methyl carbon chemical shifts on X
substitution. For increasing number of Cl substituents, the methyl carbon
chemical shift increases while that for EtO substituent decreases. On the other
hand, due to a lack of correlation between 'J(Si, C(C=)) and ?J(Si-C(Me)-H), this
(p—d)m interaction cannot explain the effect completely and other (possibly steric)
effects must be taken into account too.

The lone-pair effect was studied by Liepins et al.*® They compared one-bond
silicon—carbon couplings in furylvinyl silanes 5 and 6 with the same couplings in
phenylvinyl and thienylvinyl silanes 7-9 and with nitrogen-substituted hetero-
cycles 10-15. For couplings, see Tables 2a and 2b. The 'J(Si, C(2)) couplings in 5
and 6 largely differ from 'J(Si, C(Vi)) couplings in the same compound. By
contrast, the differences in both one-bond silicon—carbon couplings to sp2 carbon
in 7-9 are negligible, which leads to the conclusion that the oxygen lone-pairs
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Figure 17 (a) Dependence of J(Si, C(C=)) on "(Si, C(Me)) for compounds I-V (for their
meaning, see text).
C(C=)) = —13.7+1.39Y(Si, C(Me)), r = 0.980) than for X = EtO substituent (formula not

shown). Reproduced from ref. 85 with permission from Elsevier Science. (b) Dependence of
Y(Si, C(Me)) on %(Si—C(Me)—H) for compounds I-V (for their meaning, see text). For X = Cl
substituent on silicon, different fit was obtained (Y(Si, C(C=)) = —49.5+15.2%(Si-C(Me)—H),
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For X = Cl substituent on silicon, different fit was obtained ((Si,

r = 0.989) than for X = EtO substituent ((Si, C(C=)) = —110.5+25.2%(Si-C(Me)-H),
r = 0.990). Reproduced from ref. 85 with permission from Elsevier Science.
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Table 2a Values of Y(Si, C) couplings for compounds 5-9

Compound
5 6 7 8 9
'1(si, C(ring)) 78.9 85.3 67.7 69.4 68.4
7(Si, C(Vi)) 69.0 734 67.6 69.8 68.3

Table 2b Values of (Si, C) couplings for compounds 10-14

Compound
10 n 12 13 14
'J(Si, C(ring)) 75.9 75.5 62.8 62.5 54.7

increase one-bond silicon-carbon couplings through the adjacent bond. Similar
effect is demonstrated by comparing 2-silicon-substituted nitrogen heterocycles
10 and 11 with the structures 12-15 where the nitrogen lone-pair either does not
exist or is more distant from the silicon—carbon bond.

Me\ /Me o S/Me I\Ille
/ i
0\2/S|\: I:\ 7E|/ ~N—m> Ph_SIi_:’VV\N‘Ph
W W , Yo
5 6 7
Me  Me
N/
Ph,-Si ——=wwpPh S\ Sl @
" @/ — U Z-siMe,
e N
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N SiMeg N N
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11 13
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Popelis and Lukevics®” measured three sets of (2-furyl) and (2-thienyl) silanes.
The first set consists of compounds R,Si(CH3)s—,, R,SiH,_,, R;Si(CH3)4,n,
R},SiH4,n and R;SiCL;,,,. R and R! are furan and thienyl, respectively, bonded
in a position 2 to the silicon. An increase of one-bond silicon—carbon couplings
with a number of thienyl and furyl groups was observed with exception
of Cl-substituted silanes where the opposite trend was found. The following
correlation:

UJ(S1,C(2)) = 69.03+ 654> ¥, r=0998,n=8 (19)

was found between one-bond silicon-C(2) carbon of furan ring coupling and the
sum of inductive Taft constants ¢* of all substituents. A similar correlation was
found for the thienyl rings:

1J(S1,C(2)) = 60.50 +5.96 > ¥, r=099,1n=5 (20)

The similarity of both dependencies (19) and (20) suggests a similar kind of
electronic effects, that is, substituent inductive effect and it appears that (t—d)n
bonding interaction does not come to light. The increase of 'J(Si, C) was explained
mainly by an increase of the positive charge at silicon and partially by an increase
of the s-character of the silicon—carbon bond. The second set of compounds in this
chapter consists of 2-substituted 5-trimethysilylfuranes 16 with 10 different
substituents X. The linear correlation between reduced coupling 'K(Si, C(5)) and
the Hammet substituent constant o, of the substituent was found:

'K(Si,C(5)) = (221.2 — 31.00,)107 "¢, r = 0.960,n = 10 (1)

3—4
[\

X~ 57" SiMe,
16

According to the authors, the bond order C(5)-Si increases from 1.0948 to
1.1336 when the substituent o, decreases, so the change is due to a redistribution
of the s-character of the silicon orbitals which is connected with a redistribution
of m-electron density within Si-C bond.

2.2.4 Si—C, Si—Si bonds

Some studies®®®” treated Si—C double bond and West”™ Si—Si double bond
influence on one-bond silicon—carbon couplings. A brief summary of the studied
compounds and the measured one-bond silicon-carbon couplings is to be found
in Table 3. It is concluded in all three papers that the increase in the values of
the silicon—carbon one-bond coupling constants is consistent with an increase of
s-content of sp2 hybridized silicon.

2.2.5 Hyperconjugation
An effect of hyperconjugation in connection with silicon-carbon coupling
constants was studied by Delmulle and Van Der Keelen” on a set of
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Table 3 Examples of Y(*°Si, C) coupling constants for compounds with sp2 hybridized
silicon

MesSi(a)\ OSiMe; 'J(Si(b), C(C=)) 835 Ref.
~si= (Si(a), CMe)) 4838
Me;Si(a) CMe,
Me;Si(a)y OSiMe; '(Si(b), C(C=)) 83.9 Ref.
~ Si= 1(Si(a), C(Me)) 48.0
Me;Si(a) CEtg
Me,Si(a), OSiMe; '(Si(b), C(C=)) 85.0 Ref.
_ Sib)= '(Si(a), C(Me)) 47.7
Me;Si(a) Me
Me;Si(a)y OSiMe; '(Si(b), C(C=)) 84.4 Ref.
_ Sib)= 'J(Si(a), C(Me)) 47.6
Me;Si(a)
O NMe, 'I(Si(a), C(2)) 65.9 Ref.
il(a):2 Si(b)Me; JSi(a), C(AD) 55.9
" | si(o)Me, 1](S}(b), C@2) 57.6
esSi@) J(Si(b), C(2)) 55.3
'J(Si(a"), C(Me)) 452
'J(Si(b), C(Me)) 49.5
'J(Si(b), C(Me)) 49.1
2(Si(a), C(2)) 7.8
?\ANM% 1](s%<a>, CQ) 68.6 Ref.
/ Si(b)Mes J(Si(a), C(Ar)) 56.7
S )=<S_ o 'J(Si(b), C(2)) 56.6
MM Sicames Oes 'J(Si(b), C(2) 55.6
'J(Si(a), C(Me)) 451
'J(Si(b), C(Me)) 495
'J(Si(b), C(Me)) 49.0
?J(Si@), C(2)) 7.6
(Me;Si),Si(b) =C(O-SiMes)R? 'T(Si(b), ©) 84.0 Ref.
MesSi = SiMes,” i, © 90.0 Ref.

88

88

88

88

89

89

90
90

°R = adamantyl.

PMes = 2,4,6-trimethylphenyl.
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methylvinylsilanes (CHj)y_,Si(CH=CH,),, n=0-4. A behavior of proton-
proton and one-bond proton—carbon couplings together with the increase of both
silicon—carbon coupling constants with 7 is explained by [d, c*-n] hyper-
conjugation between silicon d, ¢* and carbon n orbitals which results in
decrease of AE.

Lambert and Singer’ studied an effect of neutral hyperconjugation on
structures 17a. They supposed existence of resonance structures 17b (M and X
have the same meaning as for 17a) of these compounds. The expectation was
confirmed by decreased 'J(M, (CH,)) with increased electron-withdrawing power
of the substituent X and by increased 1 J(C(1), C(CH,)) one-bond carbon—carbon
coupling due to decreased and increased bond orders, respectively.

+
MMeg MMe;
£ | I
| > M: C, Si, Ge, Sn
~
X X:NO 5, CN, H, Me, OMe X
17a 17b

Similarly Happer et al.”” studied hyperconjugation in N-methyl 4-trimethyl-
silylmethylpyridinium ion 18 by X-ray analysis and by inspecting silicon—carbon
and carbon-carbon coupling constants. They compared the NMR results with
NMR results for the trimethylsilyl-substituted picoline 19 ('J(Si, C(CH,)) = 41.8
Hz). Both measured compounds have smaller 'J(Si, C(CH,)) than compounds
17a,b studied by Lambert and Singer’” (see above); the ion 18 has distinctively
lower silicon-carbon coupling ('](Si, C(CH,)) = 35.9 Hz) than 19 which points to
more electron-demanding ring in 18 and generally to a strong hyperconjugation
in both these compounds.

SiMes "SiMe;
N
(5 P Q SiMe,
" Ve f%
CF3S05° CF4S04 N
18 19

Miiller et al.”” studied vinyl cation 20a stabilized by the counterion
tetrakis(pentafluorophenyl)borate, [B(C¢F5)4]~, or by the hexabromocarborane,
[CBy1HgBrgl . The X-ray, *°Si and '*C NMR and IR analysis gave the compound
as the resonance between 20a,b Lewis structures. The silicon atoms are
equivalent in the benzene and toluene solutions and coupling 'J(*°Si, '*CP) = 15.7
Hz is unusually low. Its value is explained by a very small s-orbital contribution
to the Si-CP bond and consequently by a low Fermi contact contribution. This
phenomenon is caused by the B-silyl hyperconjugation where Si-C* ¢ bond
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Table 4 Y(Si, CP) couplings for structures 21

R

H  4-Me 4-Et 24-Di- 25Di- 35Di- 4-Ph 2-F 3-F 4F 4-Cl
methyl methyl methyl

JSi, CP 182 19.8 202 207 19.5 18.8 195 16.6 172 18.8 184

orbital is delocalized into (formally) vacant carbon 2p orbital.

Me,Si . SiMe, Me,Si . 'SiMe,
|+ I
tBllJ tBu
20a 20b

The same B-silyl hyperconjugation effect was observed” for the substituted
vinyl cations 21 (and two other vinyl compounds of similar structure) stabilized
by the tetrakis(pentafluorophenyl)borate, [B(C¢F5)4] ", in solution. The measured
silicon—carbon couplings for structures 21 are summarized in Table 4 (complete
silicon-carbon data sets are in Table B1.5). Six resonance structures were
proposed, either due to the f-silyl hyﬁperconjugation or by n-resonance via the
aryl substituent. Values of 1](2951, 13CP) vs. Brown’s substituent constant ¢* for
different meta and para substituents were correlated by

'J(Si,CP) = (=42 £ 05)0" + (186 £0.1), r=096,n=8 22)
(see Figure 18). The correlation suggests (together with silicon chemical shift

correlation vs. ¢*, not shown here) that the hyperconjugation becomes more
pronounced as the n stabilization by the aryl substituent decreases.

Me,Si ., _SiMe,

v
I+
s
21

2.2.6 Si-C=C fragments

Kamiefiska-Trela” studied AlkgM-C=CH and AlksM-C=C-MAlk; com-
pounds with M = Si, Sn and Alk = Et, nBu. A very pronounced decrease of
'(C=C) was observed in acetylene with substitution of hydrogen by AlksM.
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20

19

13(Si,CP) [HZ]

18

17

-04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4

0+

Figure 18 Correlation of Y(Si, cP) with Brown substituent constants ¢* for vinyl cations 21.
Reproduced with permission from ref. 94. Copyright 2005 American Chemical Society.

The effect was interpreted as a very strong p,—d, interaction between the carbon-
carbon triple bond and the silicon atom. Such interaction introduces a very large
contribution of the mesomeric form (B) into the structure:

AlligM—-C=CH < AlksM=C=CH
(A) (B)

This interaction almost should not influence the ! J(Si, C(=)) but should affect
markedly ?J(Si-C=C). Really, it was found that on substitution of the second
AlksM group into the AlksM—-C =CH], little changes below 2% were observed for
11(Si, C(=)) while ?J(Si-C=C) decreased drastically to about 62% or 50% of the
mono-substituted acetylene for M = Si or Sn, respectively.

Kamieniska-Trela and Knieriem”® performed finite perturbation calculations
of 'J(Si, C) at INDO level approximation for three silyl derivatives of acetylene
H;3Si-C=CH, H;35i-C =C-S5iH; and (H35i-C=C),. The computed values quite
disagree with the experimental ones in this case (they are almost exactly one-half
of the experimental values). The computed spin-orbital and the spin-dipolar
contributions are of a negligible value with respect to the Fermi contact term but
on the other hand the author states that the INDO method does not properly
handle these terms.

About 12 values of 'J(Si, C*) and %J(Si, CP) were published97 for X-substituted
ethynylsilanes R3Si-C*=CP-X (R = Me, Et). The influence of the substituent X
appeared to be complex and no simple relation describing, for example, influence
of electronegativity of X was found.

A set of 22 ethynylsilanes (CH;);Si-C*=C"-X was measured and silicon—
carbon couplings were discussed by Liepins et al.”® Correlation between
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one-bond 'J(Si, C*) and electronegativity op of the substituent X was found

'J(Si,C") = 829 —21.76p,, r=0.98,n=12 (23)
together with another correlation
2J(Si,CP) = —3.44 + 0.23'](Si,C*), r=094,n=15 (24)

("?J(Si, C*P) in absolute values). So with increasing electronegativity of sub-
stituent X, both the (absolute) values decrease. The opposite but weak trend was
observed for 'J(Si, C(Me)). A comparison with trends for analogous ethynyl-
stanan derivatives gave Equations (25) and (26):

17(Si,C*) = 49.6 + 0.07'](*""Sn, C*), r=0.964,n = 13 (25)

2J(si,CP) = 5.57 +0.11%](*Sn, CP), r=0.997,n =8 (26)

The slopes in the correlations are similar, thus pointing to a similar mechanism
of the coupling. The authors conclude that the slopes in these equations should be
much higher if Fermi contact term and consequently s-electron densities for silicon
and tin play a major rule in the coupling building, so other contributions should
take place.

2.2.7 Complexes

For the complexed siloles 22-24, Koster et al.” briefly discussed higher values of
couplings to quasi-equatorial methyls 'J(Si, C(exo-Me)) relatively to 'J(Si, C(endo-
Me)) couplings to quasi-axial methyls; for the values see Table 5.

Me\Si/Me
Me\S _Me Me\ _Me Me Me
Me~2~" “s5-Me
2\ Me\5/ \Z—Me
Et
324
E,B | Et =13 N
2 Et A)
Fe(CO), (OC)sFe
22 23 24

Koster et al.'”" noted similar effect for the diastereoisomers of complexed
spirobisilole 25. The silicon-bonded quasi-axial carbons have lower silicon—carbon

Table 5 One-bond silicon—carbon couplings for quasi-axial (endo) and quasi-equatorial (exo)
silicon-bonded methyles in complexed siloles 22-24

Compound endo exo
22 55.8 40.1
23 57.6 40.9

24 58.4 374
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coupling (51.2-53.1Hz) than the silicon-bonded quasi-equatorial carbons
(72.4-73.3Hz).

<

e
(OC)5Fe \\%SI \‘§|/Elt:e(CO)3
)&/ \;k

25

Takeda et al.”’ reported about three silylene-isocyanide complexes 26a. Two
possible basic electronic structures 26a, b were supposed. >’Si chemical shifts and
low 'J(Si, C(CN)) values (38.6 Hz, 22.1 Hz and 1.0Hz (!) for R equal Tip, Tbht and
Mes*, respectively) lead to the clear preference of the structure 26a.

R: Tip, Tbt,Mes*

Mes: R' = Me
. . R T R Tbt\
Tot+ ?H_ C=N—R Tip: R'=CHMe, /Si: C=N—R
Mes X Tbt: R'= CH(SiMe,), Mes
Mes*: R'=t-Bu
26a 26b

Relatively low value of 'J(Si, C(1)) in 27 (57.8 Hz) when compared to the
value ! J(5i, C(1)) in 1,1"-bis(trimethylsylil)ferocene (73.6 Hz) led authors'”! to the
conclusion that C(1) carbon in the compound 27 has electron distribution close
to that of sp3 hybridized carbons.

&

o

27

SiMe,

2.2.8 (Si, C) and isotope-induced chemical shifts

Some efforts were devoted to a search for possible relations between one-bond
silicon—carbon couplings and the isotope-induced chemical shifts. Kupée et al.'®
studied oxygen 18/16 one-bond isotope effects on 2°Si (*A'®/10(**Si), change in
the silicon chemical shift when '®O isotope is substituted by '°O isotope in the
position directly bonded to the silicon) for a set of 11 simple siloxanes. They
found that the isotope effect decreases with increase of the one-bond silicon—
carbon coupling (in absolute value) caused by increased electronegativity of
substituent on the silicon.
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Lieping et al.”® studied ethynylsilanes (CH;);Si-C*=C"-X and found the
correlations (27) and (28)

TAB2C(Ps1) = —49.69 + 0.41')(Si,C*), r=0971,n =16 27)

2AB/2C(*Si) = —17.60 + 0.82%](Si,C), r=093,1 =16 (28)

(see Figures 19 and 20).

Wrackmeyer et al.'” studied 'A"™/'>C(*Si) effect on some 2,5-dihydro-
1,2,5azasilaboroles and silole and their tricarbonyliron complexes but the
correlation with silicon—carbon coupling was found to be far from straightfor-
ward and the effect seems to be complex.

2.2.9 Assignments

The one-bond silicon—carbon coupling satellites in silicon or carbon spectra could
serve as a simple and effective assignment tool as can be seen in a number of
papers, for example, in refs. 103-105. The assignment procedure uses well-known
fact that one-bond silicon—carbon couplings (in absolute value) are usually about
one order larger than the silicon—carbon couplings over more bonds, so the
presence of the silicon satellites (with the separation above 30 Hz) on the '°C
spectrum clearly indicates bonding to silicon. Comparison of values of silicon—
carbon couplings found from carbon and silicon spectra can help in further

129G (13/1200)’ ppb

70 80 0
1J*°si-3c,,), Hz

Figure 19 Correlation between the isotope shifts 'A*?Si("”"2C%) and Y(*°Si, *C%) couplings in
ethynylsilanes (CH;);Si—C*= CP-X. Reproduced from ref. 98 with permission from Elsevier
Science.
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2A295i (13/12C[i)' ppb

| | |
12 16 20

%) (Psi-Bcy), Hz

Figure 20 Correlation between the isotope shifts 2A?°Si(*"2CP) and ¥(*°si, *CP) couplings in
ethynylsilanes (CH);Si—C* = CP-X. Reproduced from ref. 98 with permission from Elsevier
Science.

assignment. In probably the first application,'” authors tried to find presence of
H3Si-N=C and Me;Si-N=C isomers in H3Si-C=N and Me3Si-C=N. The
presence of the isomers was deduced according to IR and microwave spectra.
No trace of such isomers was found by NMR and direct silicon-carbon bond was
confirmed by "°C satellites splitting in *’Si NMR spectra.

2.3 J(*Si, PC) couplings over two and more bonds

2.3.1 "J(Si, C) signs
Only few works with two- or three-bond silicon—carbon coupling constants with
their signs appeared in the literature; the results are shown in Table 6.

Kupée and Wrackmeyer*”* found by ¥-BIRD HMQC, ¥-BIRD HSQC or BIS-
HMQC experiment that the two-bond silicon—carbon couplings in measured
compounds lie in a range from +2.5Hz to —21.4 Hz.

Sign of *(Si-C=C) in three substituted acetylenes was found negative by
Wrackmeyer et al.'”” Absolute values of 2J(Si-C = C) couplings usually lie within
region from 10 Hz to 20 Hz and are given in Appendix C.

Koster et al.'® detected |2](Si, C2)! and |2](Si, C@3))I in some
1,1"-substituted spirobisiloles where both two- and three-bond interactions
around the five-membered ring should take place. The negative sign of *J(Si,
C(3)) was determined for the spirobisilole (see Table 6) and domination of three-
bond term in this coupling was stated.
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Table 6 2%(Si, C) couplings measured with signs

Et;Si-O-SiFEts 2J(Si-C-C) +2.2 45
Me,(CDSi-Si(Cl)Me, 2J(Si-Si-C) -86 45
Me,Si(NEb,), ?J(Si-N-C) +1.5 47
Me;Si-O-Me 21(Si-O-C) +1.7 46
Me;Si-O-Et 2J(Si-0-C) +1.7 50
3J(Si-0-C-C) 25
2J(Si-O-C) +1.67 108
31(5i-O-C-C) —2.46
Me;Si—O—iPr 2(Si-O-C) +1.69 108
3J(Si-O-C-C) -1.62
Me;Si-O-CH=—CH-CH=—CH, 21(Si-O-C) +1.7 50
3J(5i-0-C=0Q) -35
Me;Si—-O-ChPh, 2J(Si-O-C) +1.40 108
3J(Si—-O-C—C(Ph)) 1.89
(Me0),Si —@Me *J(Si-0-C) +1.3 47
(MeO),Si 2J(5i-0-C) +1.2 45
Me 2J(Si-0-C) +0.45 45

1
0
EtB” siMe,

Et Ph
Me;Si-SMe 2J(Si-5-C) +1.5 45
Me;Si \H/Me ?J(Si-C(sp2)-C) —21.4 45
(0]
Et(MeO)B Si(OMe)Me, *J(Si-0-C) +1.2 45
?J(Si-C(sp2)-C(Me)) —-10.1
Et Me
PhsSiH 2J(Si-C=C) —47 45
Me 2J(Si-C=C(2)) -8.0 100
TN 2J(Si-C=C(3)) -9.0
Et/zi}/ —
Me
Et,N-SiMe,~C(1) =C(2)-Me 2J(Si-C=C(2)) -17.7 107
Et,N-Si(a)Me,~C(1) = C(2)-Si(b)Me; 2J(Si(a)-C=C(2)) 128 107
2J(Si(b)-C=C(1)) -13.8
Me;Si-C=CH 2J(Si-C=C) —14.8 43

trans-(Et;P),PH(C = C-SiMe3), 2J(Si-C=C) —14.3 43
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Blechta and Schraml® and Sykora et al.!%8 published values of 2’3](Si, @)
couplings through Si-O-C and Si-O-C—C bonding pathways. The samples were
measured by gHSQC-RELAY (P) or gHSQC-RELAY (D) pulse sequences. The
measured signs of the couplings *J(Si-O-C)>0 and *J(Si-O-C-C)<0 are in
agreement with numerical simulations.'”®

2.3.2 Values of "J(Si, C) couplings

Information about absolute values of two- and more-bond coupling constants is
scattered through the literature, the numbers being usually by-product of the
original work and usually quoted without any comment. The values are spread
within appendix.

Della and Tsanaktsidis'” measured absolute values of "*?J(Si, C) couplings
in a set of eight cyclic compounds (see Table 7). The absolute values of *J(Si, C)
couplings were shortly discussed in terms of dihedral angles.

Wrackmeyer and Biffar® found %J(Si, C(3)) in 1 (16.4 Hz) to be too high if only
additivity rule for two coupling pathways is used, so the authors supposed an
influence of the bonding angle.

Krapivin et al.”® detected large absolute values (16Hz, 17Hz and 19 Hz)
of 1%J(Si, O)| in four silacyclobutanes 28 and attributed their magnitudes to
through-space interaction Si(1)-C(3).

R28i<> R,: Me,, CIMe, Cl,, (EtO),
28

Unusually high values of two-bond couplings *J(Si-Si-C) (between 34 Hz
and 39 Hz) were found by Brook et al.?® for a series of (Me3Si);Si—~(C=0)-R
compounds (see Table B1.1).

Schraml and coworkers made a set of studies on absolute values of >°J(Si, C)
couplings through Si-O-C and Si-O-C-C bonding pathway. First works
were made on silylated sugars®' and silylated phenol-carboxylic acids.''’ Much
more recent work by Sykora et al."'"! published extensive table of |***°](Si, C)|
(see Table A4) couplings to phenol carbons in 4-substituted silylated phenols
4-X-CcH,—O-SiR3, where Rz = Me;, (H)Me,, (tBu)Me,, (tBu)Ph, and X = NO,,
CF;, Cl, F, CHs, CH30. The result is that 12J(Si, C)| and 1°J(Si, C)| couplings fall
into the region 1.4-2.7Hz and |1*(Si, C)| and |1°J(Si, C)| couplings fall into the
distinct region 0-0.7 Hz. This can be utilized for the line assignments in '*C and
*Si NMR spectroscopy. Calculations of the couplings agreed with the two
distinct regions of the experimental values of couplings for >*J(Si, C) and *’J(Si,
C). The Fermi contact term is responsible for about 90% contribution to >°J(Si, C)
couplings, thus playing the dominant role as it plays for one-bond silicon-carbon
couplings. All the computed */(Si, C) couplings had positive sign while all
computed *J(Si, C) couplings had the sign negative. This can be further used for
the line assignment when coupling sign-sensitive NMR pulse sequences are
used. Sykora et al.'%® studied series of Me;Si-O-(CH,),~Me, n = 0-3, Me;Si-O-
CHs_,~R,,, where R = Me (n = 0-3), Ph (n = 0-3) or Vi (n = 0-2). Absolute values
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Table 7 |"*¥(Si, C)| in some cyclic compounds

3—2 7(si Q) 62.89 109
b SiMe, 1(Si, C(Me)) 50.46
2J(Si, C(2)) 3.22
3(Si, C(3)) 4.04
3/(Si, C(4)) 10.46
s 1(si, C) 61.29 109
MesSi %_\\ 1(Si, C(Me)) 19.92
’ 31(Si, C(3)) 4.09
3(Si, C(5)) 7.87
\ '1(si, C) 61.70 109
3 'J(Si, C(Me)) 50.30
2 2J(Si, C(2)) 1.63
Me,Si 3(Si, C(3)) 490
3/(Si, C(4)) 6.22
Y 11(Si, C) 63.87 109
éb 17(Si, C(Me)) 51.78
MesSi 3J(Si, C(4)) 3.23
N 1(si, C) 59.76 109
MesSi —i—| 1J(Si, C(Me)) 50.00
3J(Si, C(3)) 5.35
31(Si, C(5)) 498
3/(Si, C(6)) 4.98
\ 1(si, C) 60.42 109
> 'J(Si, C(Me)) 49.98
2 3J(Si, C(3)) 5.08
Me;Si
'J(Si, C(Me)) 50.57 109
@\ Sive *J(Si, C) 2.44
® 3(Si, C) 3.32
ggv '1(si, C) 58.89 109
SiMe, 11(Si, C(Me)) 49.80
3J(Si, C) 461

of #?J(Si, C) couplings and their trends are illustrated in Figure 21. The chain
length in the Me;Si-O—(CH,),—Me series has no pronounced effect on absolute
values. 2](Si, C) and 3](Si, C) couplings have values in a non-overlapping
regions 1.6-1.8 Hz and 2.4-2.5 Hz, respectively. Branching on the carbon bonded
through oxygen to silicon (C”) leads to large changes in absolute values for
both couplings. 2(Si, C) couplings have a minimum for one or two substituents
(n=1, 2) at C* and their values appreciably jump up for n =3 to values
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@ 26 ®) 24
2.4 2.4

[24] [2J]
2.2 2.2

[Hz] [Hz]
2.0 2.0
1.8 N - 1.8
1.6 - 1.6
1.4 S 1.4
1.2 1.2

0 1 2 a 3 1 2 - 3
Figure 21 The dependencies of (a) ¥(Si—O-C) and (b) *(Si—O-C~C) couplings on chain length
in Me;Si—O(CH,),—Me (@), and on extent of branching in Me;Si-O—CH;_,—R,, (R = Me (4 ),
Ph (H), Vi (#)). Reproduced from ref. 108 with permission from Wiley & Sons Limited.

comparable with * for non-branched compounds. °J(Si, C) couplings almost
monotonically decrease with number of branching groups n to the region of
values for %J(Si, C) non-branched compounds. Number 7 of branching groups
appears to be a substantial factor influencing magnitude of both couplings while
the nature of substituent (Me, Ph, Vi) is less important. According to a numerical
simulation, substantial contribution to values of the coupling constants gives the
Fermi contact term. All the simulated two- and three-bond silicon-carbon
couplings have positive and negative signs, respectively. It is in accord with
experimentally detected signs for some of these compounds'’; see above.
Consequently, it appears that *?J(Si, C) coupling signs can be exploited for
structure assignment tasks.

Sychrovsky et al.''? reported absolute values of two-, three-, four- and five-
bond silicon—carbon couplings for three compounds 29; for numbers see Table
A4. Ab initio calculations of all measured silicon-carbon coupling constants with
and without considering solvent influence and internal molecular rotation were
done with conclusions that inclusion of the internal molecular rotation improves
substantially (tenths of percent) calculated values.

R

R: H, Me, tBu
29

233 Structural studies

Schraml et al."'” showed how (Si, C, Si)gHMQC pulse sequence can help in the
carbon line assignments by detecting multiple-bond silicon—-carbon connectivities
and absolute values of coupling constants on the example of silylated
7-hydroflavone, silylated ferullic acid and silylated quercetin.
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Similarly Maloi et al."** used their H(Si)C double-INEPT experiment to reveal
silicon—carbon multiple-bond correlations (without silicon—carbon coupling
value detection) for determination of silylated hydroxyl phenolic group
positions.
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APPENDICES

The tables of coupling constants in this section summarize all types of coupling
constants with two exceptions. Coupling constants to sp2 hybridized silicon are
in Table 3 and the multiple-bond coupling constants with signs are in Table 6.

Most of the values in the tables are written without sign. These couplings
were measured in absolute value.

Where two numbers for one coupling in one reference are shown, the values
were taken from both silicon and carbon spectra. Differences can be ascribed to
different experimental conditions.

Few compounds were measured in several papers. Differences in the values
of the couplings could be caused by a precision of detection, different solvents
and concentrations of the samples and finally by different temperatures.

The precision of the coupling constant values is given as in the original
papers.

The entries are sorted according to atomic weight of the compound (sorted
from lightest to heaviest), then follows number of silicon atoms in the compound,
number of bonds of silicon(s) to atoms different from carbon and kind of the
atom(s) bonded to silicon(s). The “sorting weight”” of the atoms bonded to silicon
is in the following order: C, H, B, Si, Ge, Sn, Pb, N, P, O, S, Se, Te, E, Cl, Br and L
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Sometimes higher sorting classes are used: bond to a cycle, bond to a multi-cycle,
bond within a cycle, bond within a multi-cycle, Si(sp3)-C(sp2) bond and finally
Si(sp3)—-C(sp). The size of the cycle and number of bonds of each kind are taken
into account. These sorting criteria were not applied to the table “Complexes” in
Appendix D.

The following abbreviations are used in the tables:

Me: CH;

Et: CH,—CHj3

Vi: CH=—CH,

Pr: (CH,),—CHj3

iPr: CH(CH3)2

All: CH,-CH=—CH,

Bu, nBu: (CH,);—CHj;

tBu: C(CH3)s

iPent: CH,-CH,~-C(H)Me,

CN: C=N

CO: Cc=0

Ph: CeHs
APPENDIX A

Tables of silicon—carbon coupling constants in molecules containing Si(sp3)-
C(sp3) bonds only.

Table Al. Compounds with Si—C or Si—H bonds

Compound Coupling Coupling value Reference

Me,Si 1(si, © —50 71
'(si, €) —50 39
'1(si, C) -52 35
1(Si, €) 50.3 68
(i, C) 50.7 91
1(si, Q) 51.0 72
1(si, €) 50.8 70
1(si, C) 51.0 66
1(si, ) 50.845 14

MesSi-Pr 1J(Si, C(Pr)) 51.4 80

Me;Si-CH,Cl '1(Si, C(CHY) 51.3 74
1J(Si, C(Me)) 522

Me;Si—tBu 'J(Si, C(tBu)) 57.0 66
1J(Si, C(Me)) 51.6

Et,Si (s, ©) 50.2 68
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Table A1 (Continued)

Compound Coupling Coupling value Reference
Me;Si-CH,-Ph 1J(Si, C(CH,)) 46.1 92
11(Si, C(Me)) 51.4
'J(Si, C(CH,)) 47.8 80
1 .
. = J(Si, C(CH,)) 41.8 93
Me3Si-CH N
a5tz ™\ 17(Si, C(Me)) 51.9
1 .
MeaSi-CH — J(Si, C(CH),)) 45.0 115
e 2_(K1_—/> 17(Si, C(Me)) 520
. 1J(Si, C(CH,)) 46.5 92
Me3Si-CH, ~{ - JSi, CCH,
G3SrLhz Me 1/(Si, C(Me)) 51.3
Me;Si \n/Ph 'J(Si, C(C=0)) 63 88
o)
) =+ 17(Si, C(CH,)) 35.9 93
¥ N—M ’
Me;Si-CH, =\ JN~Me 1(Si, C(Me)) 5.7
. 1(Si, C(CH,)) 43.8 92
Me3Si-CH, ~( )~ JSi, C(CH,
S CN 1/(Si, C(Me)) 51.8
1 .
. (Si, C(CH,)) 46.9 92
Me;Si-CH —@ovvl JSL, 2
e3>t € 17(Si, C(Me)) 513
MeO_ 11(Si, C(Me)) 49.6 116
Me;Si B
Me
MesSi  — '7(Si, C(CH)) 47.0 115
\ 11(G;
MesSn>_(,\,__/> J(Si, CMe) 52.0
Me;Si—-CH,-PbMe; 1J(Si, C(CH,)) —51.2 42
'J(Si, C(Me)) —51.2
Me;Si—-CH,-PbEt, 1J(Si, C(CH,)) —51.6 42
'(Si, C(Me)) —51.2
Et  SnMes 'J(Si, C(Me)) 51.0 117
EtZB)Q*C_
. SnMesz
Me SiMej
Me;Si—-C(PbMes)s J(Si, C(C-Si)) —39.1 42
11(Si, C(Me)) ~50.5
(Me;Si),CH, 1J(Si, C(CH,)) 45.0 66
'J(Si, C(Me)) 50.6
MeO 1(Si, C(Me)) 50.5 116
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Table A1 (Continued)

Compound Coupling Coupling value Reference

(Me5Si),CH-SnMe, 1(si, C(CH)) —41.2 42
11(Si, C(Me)) —50.4

(Me;Si),CH-PbMes 17(Si, C(CH)) —43.1 42
11(Si, C(Me)) —50.7

(Me;Si—-CH,),PbMe, 1J(Si, C(CH,)) —50.1 42
1J(Si, C(Me)) 512

(Me5Si-CH,),PbEt, 1J(Si, C(CH,)) —51.2 42
11(Si, C(Me)) —51.2

(Me5Si);CH 'J(Si, C(CH)) 38.7 66
11(Si, C(Me)) 50.6
1J(Si, C(CH)) 38.7 81
(S, C(Me)) 50.6
1J(Si, C(CH)) 37.6 118
11(Si, C(Me)) 51.0

(Me;Si);C-Me J(si, C(Q)) 38.0 66
1J(Si, C(Me)) 512

(Me35i);C-SnMes 1J(Si, C(CSn)) 318 42
1J(Si, C(Me)) ~50.9

(Me3S5i)sC-PbMe;, 'J(Si, C(CPb)) -35.8 42
11(Si, C(Me)) —50.8

(Me;Si—-CH,);Pb-Me 17(Si, C(CH)) —50.7 42
1(Si, C(Me)) —51.0

(Me;Si—CH,);Pb-Et 17(Si, C(CH,)) —50.8 42
1J(Si, C(Me)) —51.2

(Me3Si),C 11(Si, C(CSiy)) 30.9 66
11(Si, C(Me)) 51.5
1J(Si, C(CSiy)) —30.0 42
1(Si, C(Me)) —51.6

[(MeSi),CHI],SnMe, 1J(Si, C(CH)) —40.3 42
1J(Si, C(Me)) —50.7

[(Me3Si),CH],PbMe, 1J(Si, C(CH)) —425 42
11(Si, C(Me)) —51.2

[(Me;Si—-CH,],Pb J(Si, C(CH,)) —50.1 42
1(Si, C(Me)) —50.7

Si—H bond

MesSi-H 1(si, ©) 50.8 70
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Table A2. Compounds with Si—Si or Si—Sn bonds and possible Si—H bonds
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Me;Si-SiMe; 11(si, C) 43.6 70
2J(Si, C) 5.8
(Me;Si(a)),Si(b)Me, !(Si(a), Q) 4338 119
1(Si(b), O 37.0
(Me;Si(a))3Si(b)Me 'T(Si(a), C(Me)) 439 120
1J(Si(b), C(Me)) 334
?J(Si(b), C(Me)) 5.0
(Me;Si),Si 11(si, ©) 447 119
11(Si, C) 444 120
11(Si, C) —49.0 4
(Me35i)5Si-Si(SiMes)s (s, ©) 423 121
Me;Si(a)-Si(b)Me,H 'J(Si(a), O 446 119
1(Si(b), O 43.8
(Me3Si(a))3Si(b)H 'J(Si(a), C(Me)) 453 120
2(Si(b), C(Me)) 46
(Me3Sn),SiMe, 11(si, C) —37.0 122
2J(si, C) 5.7
(Me3Sn),Si 2J(Si, C) 49 122
Table A3. Compounds with Si—N or Si—P bonds and possible Si—Si or Si—H bonds
Si—N bond(s)
Me;Si-N(H)-Pr 17(si, ©) 56.5 78
Me;Si-N(H)—iPr 1S, ©) 56.5 78
H.__N(Me)-SiMe 11¢si, C 57.5 78
o)
Me\”/N(H)—SiMe3 11(Si, C) 57.8 78
Me;Si-N(H)-tBu 1(Si, C) 56.4 78
56.5 80
Me;Si-NEt, 1S, ©) 56.5 78
Me,(iPr)Si-N(H)—iPr 17(Si, C(iPr)) 60.0 80
11(Si, C(Me)) 55.6
Mes(thex)Si-NH, 17(Si, C(thex)) 62.1 80
11(Si, C(Me)) 55.3
Me,(tBu)Si-N(H)-Et 17(Si, C(tBu)) 61.0 80
11(Si, C(Me)) 55.5
Me;Si-N(H)-C(Et Me, J(Si, C) 55.7 80
MesSi-N(H)-Ph 11(si, ©) 57.3 78
56.7 80
MeSi-N(H) N_/ 'J(si, ©) 58.0 115
Me,(iPr)Si-N(H)—tBu 1J(Si, C(iPr)) 60.0 80
17(Si, C(Me)) 55.6
Me,(tBu)Si-N(H)—iPr 17(Si, C(Me)) 55.0 80
Me;Si-NPr, 11(si, ©) 56.7 78
Me 11(si, C) 57.2 80

Me;Si-N(H)
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Table A3 (Continued)

Me
Me3Si-N(H) Rl_/

Me,(thex)Si-N(H)-Et

Me;Si-N(H) —B
Me
Me5Si-N(H)
Me
Me,(thex)Si-N(H)—iPr

Me;Si-N(H)-CMe,—CH,-N(H)—iPr

SiMe 5-N(H) Q

Me;Si-N(H)-CH(Ph)Me
Me;Si-N(H)-P(tBu),

Me3Si-N(H)-SO, @Me

Me;Si-N(fBu)-SnMes

Me3S|\ _

N—\ /
7
Me3Sn N
~ Me
Me;sSi
N—\ /
Ve
Me3Sn N

Me3Si-N(tBu)-SnCl3

Me,(tBu)Si-N(H)-PbMes

ME3Si N /S\ /Et
ONTON
Me3Sn BEtZ

Me3Si N

@;B/N—Snd;;

11(Si, ©)

17(Si, C(thex))
17(Si, C(Me))

11(si, C)

'(si, O

17(Si, C(thex))
11(Si, C(Me))

1(si, ©
11(Si, C)

11(Si, ©)
1(si, ©
11(Si, C)

'J(si, ©)
11(Si, ©)

'J(si, ©

11(Si, ©)
?J(Si, C)

17(Si, C(tBu))
1(Si, C(Me))

'(si, ©

11(Si, ©)

58.6

61.6
55.5

59.9

57.2

62.1
55.6

57.8
55.6

55.9
58.8
58.5

55.2
56.2

56.2

56.6
1.9

58.9
53.4

55.6

57.2

115

80

123

80

80

80
80

80
124
78

125
115

115

125

126

127

125
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MegSi S  iPr 'J(Si, ©) 55.0
N ~o 'J(Si, ©) (—55°C) 56.6
MesSn BiPr 1(Si, C) (—55°C) 56.6
Me;Si(a)-Si(b)Me,—NMe, 1J(Si(a), C) 429
1(Si(b), C) 45.8
(Me3Si),NH 11(si, ©) 56.2
1(Si, ©) 56.3
11(si, C) 56.2
(Me5Si),NNa 1S, ©) 51.9
Me,(tBu)Si(a)-N(H)-Si(b)Mes 1 J(Si(a), C(tBu)) 61.4
'J(Si(a), C(Me)) 54.9
1 J(Si(b), C(Me)) 56.2
[(Me;Si),N1,Ge J(Si, C) 55.85
Mes(thex)Si(a)-N(H)-Si(b)Me; 17(Si(a), C(thex)) 62.1
"J(Si(a), C(Me)) 55.0
1(Si(b), C(Me)) 56.1
(Me;Si),N-SnMes 11(si, C) 55.1
(Me3Si),N-SnCl, (si, €) 56.4
I 1J(Si, C(CH)) 452
VR D i](S%(a), C(Me)) 52.0
MeSi(a) Si(b)Me; -Si(@)Mes JSi(b), C(Me)) 57.8
Me,Si(N(H)Pr), 11(si, ©) 64.8
Me,SiIN(H)iPr], (S, €) 65.0
Me,Si[N(H){Bul, 11(si, C) 64.9
'J(Si, C) 65.3
Me,Si(N(H)Ph), 11(si, C) 67.0
Me3Si-N(H) T]/N(H)-SiMe3 (s, €) 57.7
o)
[Me3Si-N(H)-CH, 1, 11(si, C) 56.0
Me;Si(a)-N(H)-CMe,—~CH,—-N(H)-Si(b)Me; 11(Si(a), Q) 56.0
'(Si(b), ©) 54.6
R (s, €) 58.5
Me3Si-N(H)~ N "N(H)-SiMe;
[Me,(tBu)Si-N(H)-CH,], 1(si, €) 55.6
(Me3Si),N-TiCl, 11(si, ©) 56.0
[Me;Si-N(tBu)1,Sn 11(si, C) 53.8
1 .
MeJSi B . J(Si(a), C) 58.1
e; |(a)\N /(NIN <Sl(b)Me3 i), O) g
H SnMej
[Me;Si-N(tBu)1,SnCl, 11(si, C) 56.2
"1(Si, C(tBu)) 1.9

[Me3Si-N(tBu)],Sn[C = C-Mel,

11(si, C) 55.6

127

128

70
77
78
79
80

129
80

125
125
130

78
80
78
80
78

78

80
80

115

80
131
132

115

133,134

133
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Table A3 (Continued)

Me;Si_ 'J(si, ) 55.5 135
N—
Me3Si/ SnMe_2 BEtz
MezN Et
[Me;Si-N(tBu)1,Sn(C1)-C =C-Me '1(si, €) 55.8 133
[MesSi 'J(si, ) 56.5 136
N__N-—SnMe,
|
= 2
[ Messi (| 'J(Si, C) 56.5 136
N_. _N-1—SnMe,
|
Me
L 42
[Me;Si-N(tBw)l,P '1(si, Q) 53.8 132
[Me;Si-N(tBu)],-Sn(Cl)-C =C-tBu 17(Si, C) 55.9 133
MesSi 'T(si, ©) 54.8 132
2
1 .
Messi < /@LN/SW,% J(Si, ©) 56.2 115
Mezsn ” “SnMe;
[ MesSi ] 1181, C) 57.9 133

@B/N——SHCIZ
- -2
[ MesSi ] 'J(Si, ©) 56.1 133
s =g
=" 2
2

[ Me,Si | 'J(si, ) 56.5 133
“N}—SnCl——=—tBu

ea

- 2

[ Messi (i, ©) 549 132
\

@:B’N Pb

- 2

[ MesSi } 'J(Si, ©) 56.3 133
> :
= 2

J(Si, C(Me)) 55.6 133



Table A3 (Continued)

Applications of Silicon—Carbon Coupling Constants

149

~ Me Et
Me;Si :NE|-\Sn€iE
=>* =
L 2 Ve BEt,
Me Et

_ME3Si N >:<
@B/N S;:<B—Et

- 2 Me Et

(Et-N(H)-SiMe,),»

Me3Si—N 3

Me-Si[NMe,]53
Me-Si(N(H)Pr)3
Me-Si(N(H)Ph)3
Me,(Et;Si-N(H))Si-N(H)iPr
(Me3Si)sN

[(Me3Si),N],TiCl,
[(Me3S1),N]-Sn
[(Me35i),N1,5nCl,
[(Me;Sl)zN]ZSn[C —= C—Me]z
[(Me35i1).N],Pb

[(ME3SI)2N] 2Sn[C = C—tBu]2

M
' S E
Messl\ =
N Sn
Me3Si” N ae
2 e 2

— . Me i
Me3Si =
"Nt—sn__BAll
- ~
Me;Si M
- 2 Me” CAll
_ _ Me
/\N-—Sn B
| MesSi |, jT\;L
Me Al
Si—H bond

Me(H)Si[N(H)-tBul,

Si-Si bond(s)
Me;Si(a)-Si(b)(NMe,)Me,

11(Si, C(Me)) 55.6
1(Si, ©) 55.6
11(Si, C) 47.2
'(Si, ©) 58.5
'1(Si, ©) 79.6
11(Si, C) 753
11(Si, ©) 776
1(Si, C(Me)) 56.1
11(Si, C) —56.8
'(Si, ©) 56.1
'(si, ©) 56.8
11(Si, ©) 54.7
(si, €) 56.3
'(si, ©) 55.7
11(Si, C) 54.4
H(si, €) 55.7
1(Si, C) 55.2
11si, C) 55.6
1(si, €) 55.3
17(Si, C) 55.3
11(si, C) 64.3
11(Si(a), C) 429

1(Si(b), C) 45.8

133

80

78

137
78,137
78

80

138

81

131
132
133,134
133
132
133

133

133

133

80

128
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Table A3 (Continued)

Me;Si(a)-Si(b)(NEt,)Me, (Si(a), C) 429 139
'J(Si(b), Q) 46.9
[Me,(Et,N)Sil, 11(si, ©) 385 139
(Me;Si(a)-Si(b)Me,),NH J(Si(a), C) 42 119
'T(Si(b), C) 46.6
(Et-N(H)-Me,Si), 11(si, ©) 472 80
(iPr-N(H)-Me,Si), (s, €) 46.3 80
(tBu-N(H)-Me,Si), 11(si, C) 47.0 80
(Me-CH,~C(Me)H-N(H)-Me,Si), 17(Si, C) 47.0 80
1(si, © 45.6
(Ph-N(H)-Me,Si), 11(si, C) 47.0 80
(Me,(tBu)Si-N(H)-Si(a)Me,), 11(Si(a), C) 463 80
[((Pr-N(H)),-MeSil, '(Si, ©) 52.8 80
[(tBu-N(H)),-SiMel, 'J(si, ©) 52.4 80
Si—P bonds
(Me3Si),P-SnMe; (s, €) —49.3 140
Table A4. Compounds with Si—chalcogen bond(s) and possible Si—N or Si—Si bond(s)
Si—O bond(s)
Me;Si-O-Me s, ©) 59.06 18
2J(si, ©) 1.77
Me,Si-O-Et 1J(si, ©) 59.0 72,70
s, ©) 58.87 108
2J(si, ©) +1.67
3(si, ©) —2.46
Me3Si—O—iPr 11(si, C) 58.84 108
2J(si, ©) +1.69
3(si, ©) ~1.62
MesSi—-O-tBu 11(si, C) 59.19 18
Me;Si-O-Ph (s, ©) 59.74 18
2J(Si, C) 2.08 111
311, C) 1.67
4(si, ©) 0.33
51(Si, Q) 0.42
. 2J(si, C) 2.12 111
MesSi _OQMG 3(si, ©) 1.64
4(si, ©) 0.39
5J(si, C) 0.49
Me 2J(si, C(1)) 2.12 112
=3 ’J(Si, C(2)) 1.95
Me3Si —O-1, é,“ 3J(Si, C(6)) 1.28
- 4(Si, C(3)) 0.25
4(si, C(5)) 0.49
5J(Si, C(4)) 0.43
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Table A4 (Continued )

.
; J(Si, C) 2.12 111

Me,Si —O

€3> @F 36si, O 162

41(si, ) 0.35
°J(Si, ) 0.48
. 2J(Si, C 2.15 111
MesSi _OQOMe 3%51 C; 1.58
41(si1, ©) 0.41
5J(Si, C) 0.53
. 2J(Si, C) 2.15 111
MesSi _OOC' 3{(5;, o 1.67
41(si, ) 0.32
51(Si, ©) 0.63
1 .
o J(Si, C(tBu)) 67.1 111
Me,(tBu)Si O@ 1(Si, C(Me)) 57.2
2J(Si, C(Ph)) 2.56
31(Si, C) 1.53
1651, C) 0.33
51(si, C) 0.41
iPr;Si-O-C =P 17(si, Q) 51.3 141
2J(Si, C(C=)) 12
) 2[(Si, Q) 2.01 111
MesSi —O@NOZ %(si, o e
4(si, €) 0.24
5J(si, C) 0.37
tBu, 2J(Si, C(1)) 1.95 112
_ 2=3 ’J(Si, C(2)) 2.69
Me;Si —0'1% é/‘ 3J(Si, C(6)) 1.83
B 4J(Si, C(3)) 0.25
4(Si, C(5)) 0.20
51(Si, C(4)) 0.25
1 .
. J(Si, C(tBu)) 67.1 111
Me,(tBu)Si O@Me (81, C(Me)) =7
2J(Si, C(Ph)) 2.56
3(Si, ©) 1.46
4(si, C) 0.39
1 .
. J(Si, C(tBu)) 67.1 111
Me,(tBu)Si O@F 1](Si, C(Me)) 572
2J(Si, C(Ph)) 2.56
51(si, C) 1.46
4(si, C) 0.27
51(si, C) 0.45

2(si, C) 2.07 111
Me;Si —O—@C% 31(si, C) 1.78
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Table A4 (Continued )

Me,(tBu)Si —O—@OMe

Me,(tBu)Si —o@u

Me,(tBu)Si —O@NOZ

Me;Si-O-CHPh,

Me,(tBu)Si —O«@*Cﬁ

ME3SiO \7//8\9/0
|

6§/10 |

MeZSi(OMe)z

Me251(OEt) P
(M€3Si)20

OMe
0 LA
Me3SiO 1 /4-OSiMe3
6=5

17(Si, C(tBu))
1J(Si, C(Me))
2J(Si, C(Ph))
’J(si, ©)
4(si, ©)
51(si, C)

17(Si, C(tBu))
11(Si, C(Me))
2J(Si, C(Ph))
3(Si, C)
4(si, ©)
5J(Si, C)

11(Si, C(tBu))
17(Si, C(Me))
2J(Si, C(Ph))
3J(Si, C)

'J(si, ©)
?J(Si, C)
31(Si, C(Ph))

17(Si, C(tBu))
11(Si, C(Me))
2J(Si, C(Ph))
3(Si, ©)
41(si1, ©)
5/(Si, C)

2[(Si, C(7))
*[(Si, C(6))
3J(Si, C(8))
4J(Si, C(9))
5J(si, C(10))

11(Si, C)
?J(Si, C)
1J(si, ©)
11(Si, C)
11(Si, C)
11(si, ©)

2J(Si, C(4))
2J(Si, C(COO))
3J(Si, C(1))
3J(Si, C(3))
3(Si, C(5))

67.1

57.2
2.62
1.40
0.31
0.39

67.1

57.2
2.56
1.53
0.37
0.52

67.8

57.2
2.56
1.59

58.92
+1.40
1.89

67.1

57.2
2.56
1.59
0.37
0.37

2.0
1.8
1.8
0.4
0.4

73.73
1.77
73.0
60.0
59.5
59.60

2.2
2.6
22
1.1
1.6

111

111

111

108

111

113

18

72
70
77
17,142

110
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Table A4 (Continued )

OMe 2J(Si, C(4)) 2.4 110
_3 _ 2j(Si, C(CO 3.0
i I N -OSiMeq %Es; CE3)) ! 13
Me3Sio \”/\/1\6;5 3](51: C(5) 15
o 3J(Si, C(CH,)) 1.8
OMe 2J(Si, C(4)) 22 110
23 2J(Si, C(COY)) 2.6
Me3Sio \]/s§7/1/ \5/4/OS|Me3 *J(Si, C(3)) 0.7
| 6= 3J(si, C(5)) 1.5
o 3(Si, C(8)) 22
OMe *J(Si, C(4)) 24 110
7N 2(Si, C(COY) 25
\ 2
M%Sio/\l\//_\/‘—OSiMea 3(Si, C(1)) 21
6= 3(Si, C(3, 5)) 12
OMe
MegSi(b)O. 5y 2J(Si(a), C(1")) 2.4 113
[ . . ?J(Si(b), C(4)) 24
Moo~ N7 a7~ OSI@Mes 3J(Si(a), C2)) 22
0 3J(Si(b), C(3)) 13
31(Si(b), C(5)) 1.6
41(Si(a), C(3") 0.4
4I(Si(b), C(2)) 0.5
41(Si(b), C(6)) 0.5
°J(Si(b), C(1)) 0.5
Me-Si(OMe), 11(Si, C) 97.15 18
2 .
1(Si, C) 1.32
Me-Si(OEt); 11(Si, C) 96.2 72
1 .
J(Si, ©) 97.0 143
. o
- J(Si, C) 9.6 144
EtO),Si-(CH
(E10)sSHCHo), 4, )
0 2J(Si(a), C(2)) 1.9-2.1 21
)——o ?J(Si(b), C(3)) 1.9-2.1
470Si(b)Me ?J(Si(c), C(4)) 1.9-2.1
Vousi Cl)‘é_z 3(Si(a), C(3)) 2426
510 OSi(a)Mes 3(Si(b), CG)) 12-14
*J(Si(b), C(4)) 12-14
°J(Si(0), C(3)) 24-26
O OMe ?J(Si(a), C(2)) 1.9-2.1 21
470Si(b)Me 2J(Si(b), C(3)) 1.9-2.1
I\ 2(Si(c), C(4)) 1.9-2.1
MeaSIO0 ™ L siamte (Si(a), C3) 2426
’ 3(Silb), C3)) 12-14
3J(Si(b), C(4)) 1.2-14

3(Si(c), C(3)) 2426
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Table A4 (Continued )

o OSiMes *J(Si, C3)) 2.1 110
N *J(Si, C(4)) 21
Me3Sio 1\6_5/4_OSIM83 ?J(Si, C(CO0)) 2.6
- 3J(si, C(1)) 22
3J(Si, C(2)) 15
3(Si, C3)) 18
*J(Si, C(4)) 1.8
3J(Si, C(5)) 15
(MeO),Si 2J(Si, C) 1.10 18
(EtO),Si 2J(Si, C) 1.10 17,18,142
3J(si, ©) 2.35
(Me;Si(a)-0),Si(b)Me, 'J(Si(a), ©) 59.70 18
1(Si(b), C) 74.43
o OSiMeg ?J(Si, C(3, 5)) 2.1 110
s ’J(Si, C4)) 2.7
Me3Sio L j~OSiMes ?J(Si, C(CO0)) 2.8
= 3(Si, C(1)) 22
OSiMes 3(Si, C(2, 6)) 12
31(Si, C(3, 5)) 1.4
31(Si, C(4)) 2.3
Me;Si(a)0 2J(Si(a), C(3") 2.3 113
?}/3'\\?.,05i(b)Me3 EI(Si(b), Cc@y) 2.2
. s__o_ 1L 1(Si(c), C(3)) 26
MeaSIEI07 2 e Pra T 2(Si(d), C(5) 21
"Se %4 0si(c)Me; (Si(e), C7)) 20
MezSid)o O *J(Sia), C(2)) 1.3
3J(Si(a), C(4") 15
*J(Si(b), C(3)) 1.8
3J(Si(b), C(5) 13
31(Si(c), C(2) 29
*J(Si(c), C(4)) 0.5
31(si(d), C(6)) 13
3J(si(d), C(10)) 1.2
*J(Si(e), C(6)) 1.8
31(Si(e), C(8)) 2.0
4J(Si(a), C(1) 0.5
4J(Si(b), C(6") 0.5
J(Si(e), C17) 05
41(si(d), C@)) 0.6
4J(Si(d), C4)) 0.2
4J(Si(d), C(9)) 05
*J(Si(a), C(6") 0.5
*J(Si(b), C(1) 05
*J(Si(d), C(8)) 05
6J(Si(b), C(2)) 0.5

(Me3Si—0),Si 11(si, C) 59.8 70
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Table A4 (Continued )

155

Si—~O and Si—H bond(s)

2 .
woii=o-() =

41(si, ©)
*J(Si, ©)

2 .
. 1(Si, C)
Me,(H)Si o@»Me Y6, O)
4I(Si, ©)

°J(Si, )

2 .

, 1(Si, C)

Mea(H)Si _OOF 3(si, O
2 .

) J(Si, ©)

Me,(H)Si —O@OMe 3t )

YJ(si, ©
5J(Si, C)

2 .
o J(Si, ©)
Mez(H)Sl O@CI 3](51/ C)
4J(si, ©)

°J(Si, C)

2 .
L JSi, ©)
Me,(H)Si O—@NOZ i, O)

*J(Si, C)

21/
. < : > J(Si, ©
Mez(H)sl -0 CF3 3](81, C)

Si-O and Si—Si bond(s)

Me;Si(a)-Si(b)Me,—OMe 1(Si(a), C)
'J(Si(b), C)

MesSi(a)-Si(b)Me,~OEt 11(Si(a), C)
'J(Si(b), C)

Me;Si(a)-Si(b)Me,~OnBu I(Si(a), C)
11(Si(b), C)

Me;Si(a)-Si(b)Me,—OtBu 1(Si(a), C)
1(Si(b), Q)

(Me3Si(a));Si(b)-OMe 'J(Si(a), C(Me))
2J(Si(b), C(MeSi))

[(MeO)Me,Sil, 11(si, C)

[(nPrO)MeSil, 171s1, ©)

l\llle I\I/Ie 11(si, C)
Me\n/O\Si—Sli’O\n/Me
o I\I/Ie Me 0
[(PrO)Me,Sil, 17(Si, C)
[(nBuO)Me,Sil, 11(si, C)

[(tBuO)Me,Sil, 11(si, C)

2.20
241
0.20
0.43

2.20
2.30
0.26
0.49

2.20
2.26

2.26
2.20
0.29
0.45

2.14
2.35
0.23
0.49

2.01
2.68
0.22

2.02
2.56

439
48.0
43.6
48.0
44.6
47.7
44.0
47.6
44.1

55
48.4
48.0
53.2

48.0
48.4
47.7

111

111

111

111

111

111

111

128

128

128

128

120

128

128
128

128
128
128
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Table A4 (Continued )

[(PhO)Me,Sil, (s, ©) 50.5 128
(Me3Si(a)-Si(b)Me,),0 'J(Si(a), ©) 438 119
(Si(b), O 48.0
[(MeO);Sil;Si(b)-OMe *J(Si(b), C) 5.2 120
Si—O and Si—-N bond(s)
Me,(EtO)Si-N(H)-Pr (s, ©) 69.9 78
Me,(EtO)Si-N(H)—tBu 11(si, C) 69.5 78
Me,(EtO)Si-N(H)-Ph 11(si, ©) 70.6 78
Me,(EtO)Si-NPr, 17(Si, C) 70.2 78
Me;Si(a)-O-NH-Si(b)Mes 1(Si(a), C) 59.53 142
1(Si(b), C) 56.74
1J(Si(a), C) 59.53 17
'J(Si(b), C) 56.74
'J(Si(a), O 59.47 18
'J(Si(b), C) 59.69
'J(Si(a), C) 59.5 79
1(Si(b), C) 56.7
Me(EtO)Si(N(H)Ph), (s, ©) 82.8 78
Me(EtO),Si-N(H)-Bu 11(si, Q) 87.2 78
Me(EtO),Si-N(H)-Ph 11(si, Q) 90.6 78
[Me;Si—(OSiMe,),~O-Si(a)Me,],NH 7(Si(a), C) 69.4 77
Si—S bonds
(Me3Si),S 1(si, C) 53.9 145
(Bu-S-Me,Si);CH 11(si, C) 55.2 118
Si—S and Si-Si bond(s)
MesSi(a)-Si(b)Me,-SH 'J(Si(a), ©) 445 145
'J(Si(b), C) 428
MesSi(a)-Si(b)Me,-SLi 'T(Si(a), ©) 413 145
'J(Si(b), ) 423
(Me3Si(a)),Si(b)(Me)-SH 'J(Si(a), ©) 452 145
1(Si(b), C) 35.9
(Me3Si(a)),Si(Me)-SK 11(Si(a), ©) 39.8 145
(Me3Si(a));Si-SH 1(Si(a), C) 452 145
(Me3Si(a))3Si-SK 'T(Si(a), ©) 413 145
(Me5Si(a))3Si-Si(SiMe3),~SK J(Si(a), C) 43.0 146
[Me(Bu-S),Si(a)],Si(b)Me, J(Si(b), C) 414 147
(Me3Si(a)-Si(b)Me,),S !I(Si(a), C) 46.6 145
1(Si(b), C) 44.4
[(MesSi(a)),Si(b)Mel,S 1(Si(a), C) 46.5 145
1(Si(b), Q) 39.1
(Me;Si(a))3Si-Si(Si(d)Mes),-S-SiMe, 11(Si(a), C) 445 146
1(si(d), ) 45.2
[(Me;Si(a));S8i-Si(SiMe;),—S1,SiMe, 1(Si(a), Q) 44.7 146
Si—Se bonds

(Me3Si),Se 1(Si, C) 52.5 145
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Table A4 (Continued )

Si—Se and Si-Si bond(s)

(Me3Si(a)),Si(b)(Me)-SeH 'I(Si(a), ©) 45.4 145
(Si(b), O 345
(Me3Si(a))3Si(b)-SeH 1(Si(a), C) 46.2 145
(Me;Si(a))3Si(b)-SeK 'I(Si(a), ©) 423 145
(Me;Si(a)-Si(b)Me,),Se 'T(Si(a), C) 452 145
'J(Si(b), C) 420
[(Me;Si(a)),Si(b)Mel],Se !J(Si(a), C) 46.0 145
[(Me;Si(a))sSi(b)1,Se 'J(Si(a), C) 454 145
(Me3Si(a))sSi(b)-Se-Si(c)Me,-Si(d)Mes 11(si, C) 452 146
[(Me3Si(a));Si(b)-Se-Si(c)Me,]l» 17(Si, ©) 452 146
Si—Te bonds
(Me3Si),Te 11(si, C) 51.0 145
Si—Te and Si—Si bond(s)
(MesSi(a)),Si(b)(Me)-TeH '1(Si(a), ©) 46.2 145
(Si(b), C) 32.6
(Me3Si(a)),Si(b)(Me)-TeK 'T(Si(a), C) 420 145
(Me3Si(a))3Si(b)-TeH '1(Si(a), ©) 46.1 145
(MesSi(a))sSi(b)-TeK '1(Si(a), ©) 43.1 145
(Me3Si(a)-Si(b)Me,),Te 1(Si(b), C) 40.8 145
[(Me;Si(a)),Si(b)Mel,Te 11(Si(a), C) 45.5 145
(Si(b), C) 33.0
[(Me;Si(a));Si(b)-Te-Si(c)Mesl, 11(si, Q) 459 146

Table A5. Compounds with silicon bonded to halogens and possible silicon bonds to
chalcogens, N, Si or H

Si—ClI bond(s)

Me;SiCl 11(si, ©) 57.7 70
1(si, ©) 57.4 74
Me,(C1)Si-CH,Cl 'J(Si, C(CHY) 61.2 74
1J(Si, C(Me)) 60.6
Me,(C1)Si-CHCl, 17(Si, C(CH,)) 62.0 74
1J(Si, C(Me)) 62.0
Me,SiCl, 1(si, C) 68.3 74
(Me,(C1)Si),CH, 17(Si, C(CH,)) 49.1 148
1J(Si, C(Me)) 583
(Me,(CD)Si(a))~CH-Si(b)Mes 11(Si(a), C(Me)) 58.8 118
'J(Si(b), C(Me)) 525
Cl;Si-Me (si, ©) 86.6 74
Cl,5i-CH,Cl 11(si, C) 97.6 74
(Me,(C1)Si)sCH 1J(Si, C(CH)) 39.5 118
1J(Si, C(Me)) 60.2
(C1,MeSi),CH, 17(Si, C(CH,)) 59.9 148

11(Si, C(Me)) 71.1
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Table A5 (Continued)

Si—Cl and Si-Si bond(s)
Me;Si(a)-Si(b)Me,Cl

(M€3SI)3SIC1
[Mez(cl)sllz

(Me,(CD)Si(a)),Si(b)Me,
(Me,(CDSi(a)-Si(b)Me,),
Cl,MeSi(a)-Si(b)(C)Me,
(Cl,MeSi),
(Mex(CDSi),SiCl,
(Cl,MeSi(a)),Si(b)Me,

(Cl,MeSi(a));Si(b)-Me

[(Me,y(CDS)sSil
[(C1,MeSi(a)),Si(b)Mel,

Si—Cl, possible Si-N, Si-O, Si-Si or Si-H bonds

Me-Si(H)Cl,
(Me,(CDSi),NH

Me(Et,N),Si(a)-Si(b)Me(NEt,)Cl

Me,(C1)Si-SiMe,—~O-Et

Me,(C1)Si-SiMe,—O-nPr

Me,(C1)Si-SiMe,—O-nBu

(Me,(CDSi),0

Si—F, Si-Br, Si—I bond(s), possible Si-N, Si—Si

MeSiF
(Me;Si(a));Si(b)F

MesSiBr
(Mej3Si(a))3Si(b)Br

(Me,(Br)Si);CH
(MeZ(Br)Sl)3N

MesSil
(Me3Si),Sil

(Si(a), Q) 46.2
11(Si(b), C) 45.9
17(Si, C(Me)) 45.8
11(si, C) 49.1
11(Si, ©) 48.7
1(Si(a), C) 47.0
(Si(b), C) 415
7(Si(a), C) 46.4
1(Si(b), O 403
(Si(a), Q) 54.7
1J(Si(b), ) 51.5
1(Si, Q) 60.7
11(si, ©) 52.2
1J(Si(a), C) 52.1
1J(Si(b), C) 414
1(Si(a), Q) 56.0
1J(Si(b), ©) 401
11(si, C) 487
1(Si(a), Q) 54.9
'J(Si(b), C) 38.4
17(si, ©) —66
11(Si, ©) 68.1
(Si(b), C) 53.1
11(si, ©) 52.1
11(Si, ©) 49.1
1(si, ©) 51.1
1(si, C) 49.1
11(Si, ©) 51.3
11(si, C) 47.7
11(Si, ©) 72.6
bond(s)

7(si, ©) 60.5
17(Si(a), C(Me)) 449
2(Si(b), C(Me)) 5.9
1(si, ©) 56.0
1(Si(a), C(Me)) 46.3
2J(Si(b), C(Me)) 5.9
17(Si, C(CH)) 52.0
11(Si, C(Me)) 63.0
1J(si, Q) 56.2
1(si, ©) 54.0

17(Si, C(Me)) 46.7

119
120
128
149
150
150
150
149
151
147
150

121
150

36
77
152
128
128
128
77

70
120

70
120

81

81

70
120
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Table A6. Compounds with silicon(s) bonded to cycle(s) (silicon not within cycle)

Ph 1J(si, C(CH)) 58.3 82
11(Si, C(Me)) 533
SiMes
ccl,
Ph 11(si, C(Q)) 59.4 82
1J(Si, C(Me)) 53.8
Me3SI
cCl,
1 .
|>N—SiMe3 J(Si, C) 56.8 78
1 .
CN—SiMe3 J(Si, C) 56.9 78
tBu (i, C(4)) 53.0, 53.2 153
(s, cC(M 51.9
Measi\/s.__ JSi, CMe)
4 OB —tBu
Messi N
S ¢si, C 56.2 127
N ‘ JSi, ©)
SiMez—N_* ' N—SiMej
¥
SnMe3
tBu  tBu 1(si, C) 59 154
N/
Al
. /N
MegSi—O ~ O—SiMe;
Al
tBu MBu
tBu_ tBu (s, ©) 59 154
Al
Me,(H)Si —O_ O—Si(H)Me,
Al
tBu” tBu
tBu\ /tBu (Si(a, b), C) 59, 60 154
A
Me,(H)Si(a)—O_  O—Si(b)Mes
A
tBu “MBu
Me Me 1(Si(a, c), C) 59, 59 154
A e 1(Si(b), ©) 72
Me,(H)Si()—0  0—Si(b) _Si(c)(H)Me,
Al I\I/Ieko/
/ N\
Me Me
iBu /iBu (Si(a, ), C) 59, 60 154
A Me J(Si(b), C) 72
Me,(H)Si(a)—0 \O—Si@ Si(c)(H)Me,
Al [ 7
/Al\ Me O

iBu iBu
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Table A6 (Continued )

tBu tBu
\AI/ Me
Me,(H)Si(a)—0  0—Si(b) _Si(c)(H)Me,
Al I\I/Ieko/

/
tBu tBu

tBu tBu
\AI/ Me
i(@—0 0—Si Si(c)Me
Me,(H)Si(a)—O_ O ?I@ . (c)Mey
Al Me O
2N
tBu tBu

Me  Me Me
AY 7/

\ Al I\I/Ie /AI\ /Me

HSl(/a)-O\ /O—Sl|(b)—0\ /O—Sl\(a)H

Me Al\ Me /AI\ Me
Me Me Me

-
N

Me

N\,
7

N

iBu iBu iBu iBu
Me 5 Me NN
\ /AI\ |_ /A|\ _/Me
HSi(a)-O O—Si(h)—0O_ O-Sj(a)H
/ AN | AN \
Me Al Me A Me

iBu” iBu iBu” YiBu

tBu\ /tBu
Me Al Me Me Me

\ 7N | 4

HSi(a)-O O—Si(b) SiQ Al

’ NS /N /N
Me Al Me O o tBu

7/ \
tBu tBu

THF
AABu

tBu tBu
N/
Me\ Al Me Me Me Me

7N \ \ / |
HSisa)—O O—Si(b) _Si(c) Si(d)H
N 2N
Me AL Me o/ K 7 Me
tBu tBu
Me  Me Me Me
Me\ Al Me I\Ille N
HSi(a)-O O—Si(b)—Si(h)—O
/ e | |
Me Al
Me Me M

/7 N_ -
7N

N

NMe

N .
_B-SiMe3

NMe

CN—SiMe3
L L _~sibimes

|
Me;Si(a)

Al Me
7N /
O-Si(a)H
AN \
Me Me /AI\ Me
e

'1(Si(a, ¢), Q)
1J(Si(b), C)

'T(Si(a, ¢), O)
J(Si(b), C)

11(Si(a), C)
Y(Si(b), ©)

1(Si(a), C)
J(Si(b), C)

'1(Si(a), C)
J(Si(b, ), C)

'J(Si(a, d), ©)
'1(Si(b, ), C)

J(Si(a), Q)
1(Si(b), C)

'J(si, €)

11(Si, C)

1(Si(a), C)
1J(Si(b), C(CH,))
11(Si(b), C(Me))

59, 60

58
72

58
72

59
71,74

59, 59
72,74

58
72

47.3

56.3

58.0
46.8
51.0

154

154

154

154

154

154

154

103

78

155,156
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Table A6 (Continued )

161

o 'J(Si(a), C)

= YJ(Si(b), C(CH,))
Megsita) o OMes (Si(b), C(Me))

1 .
{  N—siMe, JiSi, ©

'J(Si, ©)
GN—SiMe3

3—12 '(Si, ©)
i SiMe, (Si, CMe))
2J(Si, C(2))
3J(Si, C(3))
3(Si, C(4))
5 1(si, C)
Meysi —— 1(Si, C(Me))
3 3(Si, C3))
3J(si, C(5))
11(Si, C)
s 1J(Si, C(Me))
2 2J(Si, C(2))
Me;Si *[(Si, C(3))

31(si, C4))

Y '(Si, ©)
11(Si, C(Me))

Me;Si *J(Si, C(4))
1 .
. 5 J(Si, C)
Me3S| 6/ _\3 1](81, C(Me))
31(Si, C(3))
*[(Si, C(5))
3J(Si, C(6))
11(Si, C)
s 17(Si, C(Me))
2 3J(Si, C(3))
M63Si
'1(Si, C(Me))
. ?J(Si, C)
SiMe3 3](Si, o

'1(Si, ©)
Eg’ SiMes 11(Si, C(Me))

*I(Si, ©)

58.1
47.5
51.9

56.6

56.4

62.89
50.46
322
4.04
10.46

61.29
49.92
4.09
7.87

61.70
50.30
1.63
4.90
6.22

63.87
51.78
3.23

59.76
50.00
5.35
498
4.98

60.42
49.98
5.08

50.57
244
3.32

58.89
49.80
4.61

155,156

78

78

109

109

109

109

109

109

109

109
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Table A7. Compounds with silicon(s) within four-membered ring

M S/ N,
] I\ V

4

2
M
Me,Si \4 e

2
/
Me(H)Si \4>

2
N,
stl \4/

2
/
Me(Et,N)Si >

4

2
[iPr-N(H)]28i< 4>3
2\

[tBu—N(H)]ZSi/
4

2
/
Me(PhO)Si >

4

2
/ \3
(EtO),Si N

2

/
Me(ChSi >3

4

N
C|28| \4/

/N
M SiMe
e28| NG 2

4

3
N,/

17(Si, C2, 4))
11(Si, C(Me))
2J(Si, C(3))
17(Si, C2, 4))
11(Si, C(Me))
2J(Si, C(3))

(i, C2, 4))
11(Si, C(Me))
11(Si, C(Me))

(i, C(2, 4))
1(Si, C(Me))

(i, C(2, 4))
2J(Si, C(3))

11(si, C2, 4))
1(Si, C(Me))

11(Si, ©)
2J(Si, C(3))

'T(si, ©)
2J(Si, C(3))

(i, C(2, 4))
11(Si, C(Me))

11(Si, C)
2J(Si, C(3))

'(Si, C2, 4)
1(Si, C(Me))
2J(si, C(3))

(i, C(2, 4))
2J(si, C(3))

17(Si, C2, 4))
11(Si, C(Me))
1J(Si, C2, 4))
11(Si, C(Me))

423
44.6
16.4
42
45
16

43
46
44

42
45

42
17

45
52

48.5
17.4

50.1
17.4

47
54

55
19

45
49
17

52
19

34.7
48.3
35
49

66

76

76

76

76

76

80

80

76

76

76

76

66

76
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Table A7 (Continued)

A 'J(Si(a), C(2, 4)) 40 76
Me(Csi(@)(_ Si(b)Me; '(Si(b), C(2, 4)) 36
e 1(Sia), C(Me)) 54
'J(Si(b), C(Me)) 51
N 'J(Si(a), C2, 4) 48 76
Cl,Si(a)  Si(b)Me, 'J(Si(b), C(2, 4)) 32
N 1(Si, C(Me)) 52
2 1(Si, C(CH)) 48 76
[CE'—Si/ > 'J(si, C2, 4)) 41
2
_Si(@Me, 'JSi(), ©) 60.9 79
HoN-Me,Si(b) ~N_ N—Si(b)Me,-NH, Y (Si(b), ) 63.9
Si(a)Me,
Si(@)Me; 'I(Si(a), C) 61.2 79
EtO-Me,Si(b)—N_ N—Si(b)Me,-OFEt H(Si(b), C) 68.1
Si(a)Me,
_Si(@Mme, 11(Si(a), C) 61.9 79
CIMe,Si(b) =N N—Si(b)Me,Cl 'J(Si(b), O) 67.2
Si(a)Me,
MesSi, S, SiMes 'J(si, O 462 157

Sic Si
M63Si S SiMe3

Table A8. Compounds with silicon(s) within five-membered ring

) 11(Si, C(2, 5)) 51 76
Me,Si j 7(Si, C(Me)) 50
'5
/5—4\ 'T(Si, C(2)) 42 76
1 .
: . J(Si, C(4, 5)) 52
Me;St,-SMez 17(Si, C(Me)) 50
Mg Me 1(Sia), C2, 5)) 31.2 158
@B _sib) _Si(@)Me; 'J(Si(b), C(2, 5)) 34.6
RCE 'J(Si(a), C(Me)) 52.0
Messi(@) ™\ _/ %ix 1(Si(b), C(Me)) 485
E Me _Me E 1(Si(a, ¢), C(Me)) 52.6 158
N 1 .
B. _Si(b) ,B J(Si(a, ), C(Me)) 51.9
Nd ka 1(Si(b), C(Me) 485
MesSi(a) " \__/ 'Si(c)Meg
§} Mg H 'J(Si(a), C(2)) 29.9 158
B, - Si() ,Si(c)Mes 1(Si(c), C(5)) 27.2
A ? 1(Si(a, c), C(Me)) 52.6,51.9

MesSi@)" \__/ "B@ 1(Si(b), C(Me)) 487
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Table A8 (Continued )

§§ Me\ .H éE
B, ~0) 4B
MesSi(a)” \__/ Si(c)Mes

Si—-N bond(s), possible Si-Si bond

2

/
Me(EtoN)S| j
5

i Pr-N(H)]ZSG
[tBu—N(H)]ZSG

Si\MeZ
[ /N_T|C|3

SiM82
SiM62
\
/N—SnMeS
SiMez
Si\Mez
i 'N—SnClg
SiM62
N(Si(b)Me
Si(a)Me, /( (b)Me3),
[ N Ti——Me
Si(a)Me, \
Me
SiMe; _N(SiMe3),
N—TIiCl,
SiMe2
MesSi(b) <, —Si(b)Me;
Me
/Me )
\Si(?\%/TI X\ Et
| ———
Si(a)
M
I\/ie\Me ¢ BEf,
N(Si(b)M
siame, NSOV
N Ti——Ph

Si(a)Me, X
Ph

'J(Si(a), C(2))
J(Si(b), C(2))

1(Si(a, c), C(Me))

7(Si(b), C(Me))

11(si, C(2, 5))
11(Si, C(Me))

17(Si, C)
'1(si, ©)

1(Si, C(CH,))
17(Si, C(Me))

11(Si, C(CH,))
1(Si, C(Me))

1(Si, C(CH,))
17(Si, C(Me))

'J(Si(a), C(CHY)
!1(Si(a), C(Me))
1(Si(b), ©)

11(Si, C(Me))
11(Si, C(Me))
17(Si, C(CH,))

Y(Si(a), C(Me))
(Si(b), Q)

1(Si(a), C(CH,))
!J(Si(a), C(Me))
1(Si(b), Q)

28.5
37.6
52.6
49.3

56
55

63.2

64.3

55.7
55.7

56.2
53.2

56.7
57.0

54.9
54.9
56.2

56.7
55.1
55.1

54.1
55.4

54.9
54.9
56.2

158

76

80

80

131

125

125

131

131

131

131
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Table A8 (Continued )

Me3Si(b)~,, - Si(b)Me; 'J(Si(a), C(Me)) 53.7 131
Ph (Sib), C) 55.6

Me /Me ‘
“si(a) /TI X —Et
N

/ —
Si(a)
Me\Me Ph BEtZ
Me.si ~NtBU (si, C) —44.8 134
T sncl,
Me2Si ~\itBu
Si—O bond(s)
e 'J(Si, C(2, 5) 57 76
Me(EtO)Si j (i, C(Me)) 55
‘5
PoN 'J(Si, C(C(H)Me)) 60.1 107
EtB  SiMe, 7(Si, C(Me)) 57.1
Et—— J(Si, CMe)) 551
Er Me 1(Si, C(C(H)Me)) 60.1 159
1J(Si, C(Me)) 56.4
'J(Si, C(Me)) 55.1
L0 1J(Si, C(C(Ph)H)) 56.3 159
EtB°  'SiMe, 17(Si, C(Me)) 57.2
Et 7(Si, C(Me)) 55.7
g Ph
O, 'J(Si, C(C(H)Sn)) 54.0 159
EtB” “SiMe, 1](51, C(Me)) 55.4
Et—\ﬁ (Si, C(Me)) 56.8
Et SnMe3 ]
PN 'J(Si, C(CH)) 492 107
EtB  Si(a)Me, 1J(Si, C(CH)) 482
Et . '(Si(a), C(Me)) 59.0
et Si(b)Mes 1(Si(a), C(Me)) 532
'J(Si(b), C(Me)) 50.2
Si—S and Si—Si bond(s)
1 .
Me,Si -S_ J(Si, C) 46.6 160
| BPh
Me,Si ~g
1 .
Me,Si -8, J(Si, C) 46.2 160
! GeMe,
Me,Si s
1 .
Me,Si S J(Si, C) 46.9 161
[ SbPh
MEZSi \S/
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Table A8 (Continued )

Me,Si S\ '1(si, ©) 45.7 161
2 | SnPh,
Me,Si S/
MeoSi — S\ 1(si, C) 45.7 161
i PbPh,
Me,Si \s/
Me,Si(a) —S, 'J(Si(a), ) 465 162
I Si(b)Me, 'J(Si(b), C) 58.3
Me;Si(a) < g’ 'J(Si(a), ©) 46.5 160
'J(Si(b), C) 58.3
Si—Se bonds, possible other bond(s)
Me,Si(b) —S, '(Si(a), C) 447 160
| si(c)Me, 'J(Si(b), C) 45.6
Me;Si(a) < g/ 1(Si(c), Q) 56.4
Me,si —S€ (s, ©) 452 160
2 BPh
Me25i \Sé
Me,si —S€ (s, ©) 44.7 160
? GeMe,
MeZSi \Sé
Me,Si —Se 17(si, C) 447 161
| SnPh,
Me,Si \Sé
Me,Si(a) —S€ 'J(Si(a), ©) 452 160
| si(b)Me, '(Si(b), O) 54.0
Me,Si(@) —/,
Si—Te bonds, possible other bonds
Me,Si(b) —S 'J(Si(a), ©) 43.7 160
| Ssic)Me, 'J(Si(b), C) 452
Me;Si(a) £ 1J(Si(0), ©) 53.4
Me,Si(b) —S¢€ 'J(Sia), ) 4038 160
Si(c)Me, 'J(Si(b), C) 447
Me,Si(a) \Té 1(Si(c), C) 50.0
Me,Si — 1€ 'J(si, ©) 423 160
| GeMez
MGZSi \Té
Me,Si(a) ~T€ 'J(Si(a), ©) 428 160
| si(b)Me, 'J(Si(b), C) 47.6

Me;,Si() —Z
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Table A8 (Continued )

Si—Cl bond, possible Si-N bond

/5—4\ (Sia), CQ2)) 50 76
1 .
) . J(Si(b), C(2)) 43
Me(CI)Sl(a)\z/Sl(b)Mez 1](51, CG) 58
J(Si, C4)) 53
1J(Si(a), C(Me)) 58
1(Si(b), C(Me)) 51
C _N(H)tBu 7(si, ©) 68.7 80
Si
i

Table A9. Compounds with silicon(s) within six-membered and larger rings

SiMe, 'J(Si, C(CH,)) 44.0 66
1 .
Me,Si JSi, C(Me)) 50.8
\—SiMez
H 11(si, C) 63.0 77
N—Si\Mez
Me,Si /NH
N_SiMEZ
H
H !I(Si(a), C) 62.3 77
/N—Si\(b)Mez 11(Si(b), ©) 68.5
Me,Si o)
e, |(a)\ /
N—Si(b)Me,
H
/O—Si\(a)Mez 1(Si(a), C) 68.4 77
1 .
MeZSi(b)\ /NH J(Si(b), O 74.0
O—Si(a)Me,
o—Si\Me2 '1(si, ©) 74.2 77
Mezsi /O
O—SiMe,
0 'J(Si(a), C) 58.3 160
Me;Si(a) Si(a)Me; 11(Si(b), C) 437

Me,Si(b) ___Si(b)Me,
s

s—Si\Me2 11(si, ©) 59.6 160
MGZSi/ S
N
S—SiMe,
S 'J(Si(a), C) 45.7 160
Me,Si(a) Si(a)Me, II(Si(b), Q) 457

Me,Si(b) _ _Si(b)Me,
Se
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Table A9 (Continued )

/Se\ .
Mezsl SllMe2
Mezsi /SiMez

“Se

Se—Si\Me2
Me,Si Se

\ /

Se—SiMe,

_Se_
Me,Si(a) Si(a)Me,
Me,Si(b) _Si(b)Me,

“Te

Te
Me,Si”  “SiMe,
Mezsi N /SiMez

Te

Te—Si\Mez
Me,Si Te

\ !

Te—SiMe,

H
N,
Me,Si S\IMEZ
HN NH
. é
Me28| _N/SIMez
H
H
N,
Me,Si S\lMez
/

) O
. /
Me,Si \N/S|Me2
H

H
MeZSi(/a)/N\S\i(a)Mez
Q P
Me;Si(b). ,-Si(b)Me,

Me,Si"©~siMe,
e 09
MGZSi O/SiMez

/Si(a)Me2
/NH \N{-I
MeZSi(b)\ ,Si(b)Mez
o] o]

N /
Me;Si(c)— o —Si(c)Me;

11(Si, C)

'T(si, )

11(Si(a), C)
'1(Si(b), ©)

11(Si, C)

11(Si, C)

11(Si, C)

11(si, C)

1(Si(a), C)
1(Si(b), )

11(Si, C)
(81, ©)

11(Si(a), C)
1(Si(b), Q)
1(Si(0), ©)

441

55.4

44.5
41.8

42.3

49.5

64.0

69.8

69.7
754

754
75.58

64.5
69.4
749

160

160

160

160

160

77

77

77

77
18

77
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Table A9 (Continued )

Si(c)Me, 11(Si(a, b), C) 69.6 77
/o/ \o\ 1(Si(a, b), C) 69.3
Me,Si(b) Sio)Ve, 'J(Si(c), ©) 74.7
NH NH

N 7
MeZSi(a)\o/Sl(a)Mez

Me  Me (s, ©) 69.2 77
Me Si—NH Me
/ \ /
Me—Si—0O /Si—Me
HN O\
Me—Si—O Si—Me
\ / \
Me Si—NH Me
/ \
Me Me

N o Lo

Table A10. Compounds with silicon(s) within two rings

PN '1(Si, C2, 4) 45 76
< SiMe—HN '7(Si, C(Me)) 50
4/
= 2
[ 2 1S, C2, 4) 48 76
< sive}-o 1(Si, C(Me)) 53
W
- 2
[ SiMe;] 'J(Si, C(CHy)) 552 131
N—TiCl, 17(Si, C(Me)) 55.2
SiMe2
- =2
[_SiMe,] 'J(Si, C(CH,)) 54.9 131
[ /N——Ti*I:EMe:I 'J(Si, C(Me)) 54.9
SiMez 2
- -2
[_sime,] 1J(Si, C(CH,)) 56.7 133
"N—}sncl, 1(Si, C(Me)) 543
SiMe,
- -2
PSS 'J(Si, C(CH,)) 56.1 133
\
/N—-Sn{EMgI '7(Si, C(Me)) 53.8
SiMe, 2
— =2
[_SiMe3] 1J(Si, C(CH,)) 56.0 133
N—-SnCl———tBu 'J(Si, C(Me)) 53.9
| SiMez_ 2
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Table A10 (Continued)

[_siMe,]
=
SiMez 2
- -2
[_sive,]
[t =i,
SiMe,
— =12
Me Et
Sl\Mez =~
N Sn

sim =
Ve, BEt
2 Me 2

_ . Me Et
sie] )=
N——Sn B-Et
SiM82 —

- =2 Me Et
B _ Me All
SiMe, —

E _/N——Sn\/B—An
S|M62 JI\
- =2 Me” all
_ _Ph
SiMe, ~ Et
N——Ti
SiMe, BEt,
- -2 ph
[~ -1 Me
All
SiMe, =
IN———SZ;\(B
SiMe, jl/\;ll.
- 2 Me All

SIM82
s.Me2 = BPr,
Me,Si(b)—S\, S~
2 Si(b)Me,

o Sl(a)Me Mesl(a) [
MeZSl(b)\S S/Si(b)Mez

Me,Si(b)~ >, S8-si(b)Me,
Sl(a)Me MeSl(a) |
Me,Si(b)~gg Se—Si(b)Mez

1(Si, C(CH,))
1(Si, C(Me))

17(Si, C(CH,))
11(Si, C(Me))

1J(Si, C(CHy))
1(Si, C(Me))
11(Si, C(Me))

1J(Si, C(CH,))
17(Si, C(Me))

17(Si, C(CH,))
11(Si, C(Me))

(Si, C(Me))

1J(Si, C(CH,))
1(Si, C(CH,))
7(Si, C(Me))
7(Si, C(Me))
11(Si, C(Me))
1(Si, C(Me))

17(Si, C(Me))

11(Si(a), C)
J(Si(b), C)
(Si(a), Q)
(Si(b), C)

11(Si(b), O

54.9
54.9

56.1
53.8

56.1
53.4
53.4

56.5
53.4

56.0
53.4

54.1

55.6
55.6
53.6
53.2
53.2
53.2

54.2

48.6
42.6
48.6
46.2

432

131

133

133

133

133

131

133

131

162

160

160
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Table ATl. Compounds with silicon(s) within bi-cycles and multi-cycles

Me ~ Me Me 11(Si, C(Me)) 58 163
Si——
Me
Me Me
<> <> (i, ©) 37 76
Si
Me Me 'T(Si(b), C) 495 151
N 1 .
i (Si(b), C) 475
MegGe/s\ Sl(b)‘s J&i
o L,
S~gf(p) s— CeMe2
AN
Me Me
ve Me 1(Si(b), C) 50.6 151
_s "silb) 1(Si(b), ©) 47.6
Mezs'f) \Sﬁa) ‘T’ 1(Si(0), ©) 59.1
/N i 1(Si(e), Q) 575
S\/Si\(b) S/Sl(c)Mez
Me Me
1 .
Mez?i s ><:> J(Si, ©) 47.1 160
Mezsi ~s
Me 11(si, C) 51.5 164
/S\Ii/S\
Me,Ge [ GeMe,
Na—Si’
s—¥'~s
Me
Me 11(si, C) 49.8 161,164
,S—&i-S,
thsn | SnF’h2
Ne—Siw’
s—3'~s
Me
Me 11(si, C) 48.3 161
S_l._s
/ | \
Ph,Pb PbPh,
Na—Si—’
s—3'~s
Me
Me 1(Si(a), C) 52.2 162,164
_ /S‘Sifa)'s\ 1(5i(b), ©) 58.7
Me,Si(b) Si(b)Me,
\S‘ ifa)‘s/
Me
I\I/Ie 1(Si(b), C) 53.9 164
LSS Se
MeZS|(b\) | /Sl(b)Mez
Se'S'|(a)‘Se

Me
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Table A11 (Continued )

MeZS/i(b) . ,Sl(b)Mez
S

S( )
N |
Me,Si(b) ~SI@ )‘Sl(b)Mez
Me

I

I
Me23i \/5

S
\ ,Me
S— —Si(a)

Me,Si(b) //,Si(a)\s
Me

s
\ _/Me
Me,Si(b) 7/~ Si@)—g
S//Si(a)
Me

~Ssi(b)Me,

/Me

2«—/ \G/COZMe

Et;B ™ Bu ~co,Me

~Si(b)Me,

J(Si(b), C)

11(Si, C(CH,))
11(Si, C(Me))
2J(Si, C(1))
2J(Si, C(5))

11(si, C)

11(Si(a), Q)

'1(Si(a), Q)
1(Si(b), C)

11(si, C(1))
11(Si, C(4))
11(Si, C(Me))
1(Si, C(Me))
2J(Si, C(2))
2J(Si, C(5))
2J(si, C(6))

1(Si, C(1))
11(Si, C(4))
11(Si, C(Me))
17(Si, C(Me))

17(Si, C(1))
11(Si, C(4))
11(Si, C(Me))
J(Si, C(Me))

1J(si, C(1))
1(Si, C(4))
11(Si, C(Me))
2J(si, C(2))
2J(Si, C(6))

45.2

56.7
57.7
7.8
4.5

66.5

48.6

47.6
46.6

50.2
49.7
45.6
41.3
4.5
3.4
3.4

46.9
46.9
455
47.9

39.1
43.4
43.5
48.1

51.0
51.3
39.7
4.9
3.7

162

155

155

165

162

104

104

104

104
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Table A11 (Continued )

173

11(Si, ©)
Mez?i SliMe2 ?iMez
S S
S /
\\GeMe
(Si(a), C)
MeZSi(a] lSi(a)Me2 ?i(a)Mez
S S
S /
\\SnMe
J(Si(a), C)
MeZSi(a} lSi(a)Mez ?i(a)Mez
S S
S /
\\Si(b)Me
Si(a)Me 'J(Si(a), )
1 .
veaSib) S0, SiONe: 1}288
S\ /S
Si(c)Me
'T(si, ©
MeSi SliMez T‘»iMez
Se Sg /Se
GeMe
!J(Si(a), C)
Me;Si(a) lSi(a)Me2 ?i(a)MEZ 'JSi(b), O
Se Se
Se /
\\Si(b)Me
s 'J(Si(a), C)
\S_(/';/le I(Si(c), ©)
s—/ " —sib)me, 1J(Si(e), ©)
-/—ISML\.
MeZSI(C) / Sl(ek 2
Me
S
s 'J(Si(b), C)
s " \ _Me
\ ) € _/-Si@ Me
Si(b) \Si(ﬁ) s

Me’ ; ;

Qe
Me-SIO) Me  sig)

Me Me” “pe

55.9

55.2

57.0

36.9
46.2
66.0

53.5

55.2
57.0

447
46.8
46.6

46.1

118

118

118

162

118

118

162

151
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Table A11 (Continued )

e
.
I—N

H

N~

</ ?}
SiMe,

Me,Si \ SiMe
A
N

ZT

Z—n—=
T

_sime

S

MeSi(a)<—|___si(b)Me
MeSi(a)\S

S

Si(b)Me
) d \?i(c)Mez
MeSi(a)<—|_ __Si(o)Me
MeSi(a)2__
s
Si(b)Me
74 s
MesSi(a)<—|___Si(b)Me
MeSi(a)\\S

11(Si, C)

11(Si, ©)

11(Si, ©)
11(Si, C)

'J(Si, ©)

'J(Si, ©)

11(Si, C)

J(Si(b), C(CH,))
'J(Si(a), C)
1(Si(b), C(Me))

1(Si(a), C)
'1(Si(b), C)
1(Si(0), )

1(Si(a), C)
1(Si(b), C)

66.2

64.1

106.9
106.5 (CDCL3)
107.0 (DMSO)

115.7 (CDCLs)
114.0 (DMSO)

47.5

52.2

51.9
51.9
59.9

51.0
452
41.8

53.0
65.6

137

79

143
166

166

121

167

148

147

167
148
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Table A11 (Continued )

_Si(b)Me 'J(Si(b), C(CH,)) 49.1 148
S Si), ©) 46.4
MESi(a)VL -Si)Me 'J(Si(b), C(Me)) 55.4
MeSl(a)\\Se
. _-ivte ggi (C?E;[Pel)z))) Z;.g 148
MeSi\\S
Me 'T(Si(b), ©) 43.2 147
s/ss/l(a Si(b)Me,

MeZSi(b)’S',\Elae)\s

MeSi(a)‘l\S/Si(a)Me

_SiMe 'J(Si, C(Me)) 57.3 148

_SiMe '(Si, C(CH,)) 433 148
T 1e (Si, C(Me)) 50.5

APPENDIX B1

Tables of silicon—carbon coupling constants in molecules containing Si(sp3)-
C(sp2) bonds to (usually substituted) vinyl or C=0O group.

Table B1.1. Silicon bonded only to carbons

Vi-SiMe;, (si, C(C=)) 64 68
(si, C(C=)) 64.0 91
11(Si, C(Me)) 52.0
'J(si, C(C=)) 64.16 85
1J(Si, C(Me)) 52.25
SiMes 'J(Si, C(C=)) 65.4 82
— 17(Si, C(Me)) 54.0
Et
SiMeg 'J(si, C(C=)) 59.32 85
— J(Si, C(Me)) 53.33

Cl 2J(Si, C) 5.76
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Table B1.1 (Continued )

Cl  SiMeg 'J(Si, C(HC=)) 61.82 85
=/ 1J(Si, C(Me)) 53.49
/_gsijeg, 'J(Si, C(Me)) 51.7 168
Et e T
Me,B  SiMeg 'J(Si, C(Me)) 50.6 168
Me Me
CL,C = C(H)-SiMes 'J(si, C(C=)) 58.60 85
11(Si, C(Me)) 54.24
SiMej 'J(si, C(C=)) 62.3 84
cl cl
Cl SiMes 1J(si, C(C=)) 62.3 84
cl
SiMes 1(si, c(C=)) 57.10 85
— 1(Si, C(Me)) 53.05
Br 2(si, Q) 491
Br  SiMes (i, C(C=)) 62.19 85
— 11(Si, C(Me)) 53.48
Et,B SiMeg 'J(Si, C(C=)) 69.7 168
Et
Cl,C=C(CD-SiMes 1(si, C(C=)) 60.81 85
11(Si, C(Me)) 55.49
2J(si, C) 6.07
Et,B  SiMes 'J(si, C(C=)) 70.9 103
'J(Si, C(Me)) 51.2
Et Me 51(Si, C(Et)) 7.6
'J(Si, C(C=)) 70.2 168
(S, C(Me)) 50.6
Et  SiMes 'J(si, C(C=)) 69.8 103
—=( 1J(Si, C(Me)) 51.2
Et,B Me
EtO . —mwSiEt, 'J(Si, C(C=)) 57.86 85
i 11(Si, C(EY)) 53.48
?J(Si, C(C=)) 8.28
Et,B Si(Et)Me, 'J(Si, C(Me)) 499 168

Et Me
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Table B1.1 (Continued )

177

Et,B SiMes 11(Si, C(C=))
— '(Si, C(Me))
Et Et
KNH, 'J(Si, C(Me))
MezB <SIM83
Me o Me
Et,B SiMeg 11(Si, C(C=))
— 7(Si, C(Me))
Et OMe 2J(Si, C(C=))
MeS. _ (si, c(C=))
Et, B>_<S|Me3 1](51’ C(Me))
Et—Me 31(Si, C(Et))
All,B  SiMesg 'T(Si, C(C=))
— 1(Si, C(Me))
Al 2J(Si, C(C=))
SiMe, J(Si, C(Me))
= 2(Si, C(C=))
Al BAIl,
Et,B SiMeg 'J(Si, C(Me))
— '1(Si, C(C=))
Et )— 11(Si, C(Me))
Me
All,B  SiMeg 'J(Si, C(C=))
— 11(Si, C(Me))
All Me
B SiMes 111, C(C=))
= 1J(Si, C(Me))
5 Me 3J(Si, C(5))
Et,B SiMeg J(si, c(c=))
. J(Si, C(Me))
Et CMeZ
o H . 1(si, C(C=))
o) 17(Si, C(Me))

E,B 7 SiMe,

Et Me

Et,B  Si(All)Me, 'J(Si, C(C=))
17(Si, C(ALD)
Et Me 11(Si, C(Me))

70.2
49.9

53.2

80.7
51.6
14.0

64.0
50.8
8.7

67.9
51.5
9.1

51.8
8.8

51.0
68.1
50.9

68.5
50.5

71.1,71.2
49.6,49.9
7.6

68.0
50.9

76.2
48.7

70.9
51.3
46.1

168

168

169

170

171

171

172,168
170

171

116

168

173

168
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Table B1.1 (Continued )

EtzB SiMe3

Et Bu
SiMes
Br Br
Br  SiMe;
Br
B <S|Me3
5 Me
AY
Et
Et
B <SiM93
5 Me
K" H
(@]
Et,B 7 CSi(EOMe,
Et Me
KNH,

Et,B SiMe;

T

Et Me

EtzB SiMe?,

I

Et Ph

Et,B  SiMeg

J

Et

EtzB SiMe3

I

Et CeHis

1J(Si, C(C=))
11(Si, C(Me))

(i, C(C=))
17(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))
J(Si, C(Me))
2J(Si, C(Me))
31(Si, C(5))

H(si, c(C=))
11(Si, C(Me))
2J(Si, C(Me))
3J(Si, C(5))

1J(Si, C(Et)
11(Si, C(Me))

1(si, C(C=))

1(si, C(C=))

11(Si, C(Me))

1(si, C(C=))
1(Si, C(Me))

J(si, C(C=))
11(Si, C(Me))

11(Si, C(Me))

70.0
50.2

59.3
55.0

60.3
55.2

70.8
50.4, 50.5
50.5

6.4

7.0

71.7
50.5
6.4
7.9

52.6
52.0

81.0

64.1
51.1

69.3
50.0

68.9
50.4

48.7

83

84

84

116

116

173

168,174

168

168

168

173
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179

AllzB SiMe3

Al Ph
Ph  SiMes
AII_ BAIl,
SiMe3
| o |
| SiMe3

Ph,B  SiMeg

Ph Me

Et SiMe3

Et,B SnMejy

Et SnMejy
EtzB SiMes
NaNH,

Ph,B~  SiMeg

Ph Me

KNH,
7 .
thB S|Mes

Ph Me

Et SnCl,

EtzB SiMe3

Et SnBrj

EtzB SiME3

Me3Sn BEtz
— SiMe,
ME3SH :<

Et

1(si, C(C=))
11(Si, C(Me))

11(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

1(si, C(C=))
'J(Si, C(Me))

11(Si, C(Me))

11(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

11(Si, C(Me))

11(Si, C(Me))

(si, C(C=))
11(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

11(Si, C(Me))

64.9
51.9

51.9

55.4
54.3

57.6
54.6

50.9

50.7

59.2
50.7

51.5

51.0

58.1
52.3

58.0
52.5

51.3

171

171

84

84

168

103,175

103

168

168

176

176

117
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Table B1.1 (Continued )

SiMes 111, C(C=))
Me3Sn Et
—C=—X BEt,
Me3Sn
MezSn  ~SnMeg
Me;Si—(H)C = C(H)-SiMe; (i, C(C=))
11(Si, C(Me))
Vi,SiMe, 1J(si, C(C=))
1J(si, C(C=))
11(Si, C(Me))
Me _Me 'J(Si, C(C=))
tBu o Si __ tBu 1](Si, C(Me))
BEt, BEt,
Et  Si(aMe; 'J(Si(a), C(C=))
>:< J(Si(b), C(C=))
Et,B Si(b)Meg 'J(Si(a), C(Me))
'T(Si(b), C(Me))
3J(Si, C(EY)
Me3Si(b) Si(a)Mes 1(Si(b), C(C=))
’ =( 1/(Si, C(Me))
@ 1(Si, C(Me))
Si(a)Me; 'J(Si(a), C(C=))
=y 1(Sib), C(C=))
MesSi(b) @ 1(Si, C(Me))
11(Si, C(Me))

B SiMes 11(Si, C(C=))
=4 17(Si, C(Me))
SiMes 'J(Si, C(Me))
Et 'J(si, C(C=))
[ >=(} S (Si, CMe))
Et,B  SiMeg

2

CBr, 'J(Si, C(C=))
[l 7(Si, C(Me))

SiMes 12 SiMe; 2](Si, C(12))
Bl// XB °J(Si, C(CBry))
Eg ﬁ‘% 3Si, C(C3))

VisSiMe J(si, C(C=))
(si, C(C=))
17(Si, C(Me))

66.5 117

63.34 85
51.89

66 68
66.0 91
53.7

56.9 105
52.9

53.4 103
55.9
49.8
50.1
11.7

65.7 177
51.6
50.7

422 177
65.2
51.5
50.9

55.3 116
49.6, 49.9
49.6, 49.5

71.9 178
50.8

69.3 179
50.9

4.6

48

7.0

70 68
68.0 91
55.9
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Table B1.1 (Continued)

VisSi 'J(si, © 70 74
'Jsi, © 72.8 91
[— 1 : _
i Si(b)Me J(Si(a), C(C=)) 63.4 103
Meas'(a)\zzg}B 1(Si(b), C(C—)) 57.3
| 3 'J(Si(a), C(Me)) 51.1
'J(Si(b), C(Me)) 51.1
B Si(b)Me, 1J(Si(a), C(C=)) 65 180
MesSi(a)mw—" B 1(Si(b), C(C=)) 50
L 3 'J(Si, C(Me)) 52
11(Si, C(Me)) 51
2(Si(b), C(C=)) 45
Si—-C=—0 bonds
Me3Si __Me 'J(si, C(C=0)) —62.3 45
\g '7(Si, C(Me)) —51.3
2J(Si, C(Me)) —214
(Me3Si)3Si \H/OH 'T(Si, C(Me)) 459 88
o ’J(Si, C(C=0)) 37.6
(Me3Si)3Si ~rBu 'J(Si, C(Me)) 459 88
o *J(Si, C(C=0)) 343
(Me3Si)3Si TPh 'T(Si, C(Me)) 463 88
o ’J(Si, C(C=0)) 385
. Me 7(Si, C(Me)) 454 88
(MegSi)sSi \rO 2j(si, CC—0)) 348
o
(Me3Si)sSi CEts 'J(Si, C(Me)) 44.9 88
0 *J(Si, C(C=0)) 343
e OMe 'J(Si, C(Me)) 45.4 88
(Me3Si)sSi TQ J(Si, CC=0)) 37.0
o}
MeO 1J(Si, C(Me)) 454 88
(ME3Si)3Si ZI(Si, C(C:O)) 36.7
(6]
. 'J(Si, C(Me)) 458 88
(Me5Si)sSi 2J(Si, C(C=0)) 338
o}

o 'J(si, C(C=0)) 63.6 88
(Me3Si)3Si 17(Si, C(Me)) 44.9

o} ?J(Si, C(C=0)) 34.2
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Table B1.2. Silicon(s) bonded to carbons and hydrogen(s)

Et,B  Si(H)Me, 1}(51, C(C=))
— J(Si, C(Me))
Et  Me *J(Si, C(Me))
H 'J(Si, C(C=))
Et,B  SiMe, 'J(Si, C(Me))
— %J(Si, C(EY)
Et Bu
Bu  Si(H)Me, '(Si, C(C=))
— 1 .
B@ J(Si, C(Me))
tBu Si(H)Me 1si, C(C=))
E(B@Z S, CMe))
Ph Si(H)Me, 161, C(C=))
E(B@ 1(Si, C(Me))
N 'J(Si, C(C=))
AllLB~ SiMe, 'J(Si, C(Me))
All nBu
M 'T(si, C(C=))
AlLB" “siMe, 1J(Si, C(Me))
== 2J(Si, C(Ph))
All Ph 3J(Si, C(AlL)
Ph  Si(H)Me, 'J(Si, C(Me))
= 31(Si, C(AI)
All BAll, 3](51, C(Ph))

MeO 1(Si, C(Me))

©>=(Si(H)Me2 31(Si, C(AID)
Al BAIl,

H 'J(Si, C(C=))
Et,B SiMe, 'J(Si, C(Me))

== 3J(Si, C(ED)

Et SnMej

Et,B  SnMeg 'J(si, C(C=))
b 1(Si, CMe))

Et  Si(H)Me; *J(Si, C(Eb)
M 'J(si, C(C=))
All,B~ SiMe, '(Si, C(Me))

I

— 3J(Si, C(AlD)
All SnMejz

71.4
49.7
6.5

71.1
494
8.8

57.9
50.3

57.6
51.0

55.8
51.1

64.4
494

66.7
51.3
52
79

51.5
7.6
5.1

51.5
7.6

58.6
50.6
14.5

58.8
49.7
12.3

56.6
50.5
14.5

168

83,170

181

181

181

61

61

61

61

182

182

182
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/’H\
Ph,B SiMe,
Ph SnMejg
Ph,B SnMej
Ph Si(H)Me,

H

N H

Al,B  Si
>_< Me

All nBu

nBu Si(Me)H,

Al BAl,
nBu SiHg
All BAIl,

Ph SiHg
Al BAIl,

H

-
’

Na
Et,B Si(a)Me,

Et Si(b)Me3
. Si(a)(H)Me,
:B@
_H

AN )
All,B Si(a)Me,

Me;Si(b)

Al Si(b)Meg

H

-
’

Nairoy:
All,B Si(a)iPr,

All Si(b)Me,

H
N
All;B SiMe,

Al Si(H)Me,

1(si, C(C=))
11(Si, C(Me))

(si, ¢(C=))
11(Si, C(Me))
"1(Si, C(Ph))

11(Si, C(C=))
11(Si, C(Me))
31(Si, C(AID)

11(Si, C(Me))
3J(Si, C(AID)

3J(Si, C(AID)
"J(Si, C(nBu))

3J(Si, C(AID)
31(Si, C(Ph))

1(si, ¢(C=))
'T(Si(a), C(Me))
1(Si(b), C(Me))

11(Si(a), C(C=))
(Si(b), C(C=))
!1(Si(a), C(Me))
J(Si(b), C(Me))

1(si, C(C=))
J(Si(a), C(Me))
J(Si(b), C(Me))
1(si, C(C=))

1J(si, C(C=))
!J(Si(a), C(iPr))
J(Si(b), C(Me))
31(Si, C(AlD)
3J(Si, C(ALL)

H(si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

55.7
50.6

52.6
50.3
8.6

68.1
494
7.8

51.1
8.4

8.4
8.4

8.2
5.6

56.5
49.7
50.2

55.4
64.0
49.9
51.1

56.5
49.3
50.8
56.5

57.7
51.0
50.8
13.6

6.9

56.1
50.4
49.6

182

182

61

61

61

61

183

181

183

184
184

183
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Table B1.2 (Continued)

All,B Si(a)Me; 'J(si, C(C=)) 55.4 184
—( 1(Si, C(C=)) 52.4
Al Si(b)H,Me 'J(Si(a), C(Me)) 50.2
1(Si(b), C(Me)) 50.9
%J(Si, C(ALD) 12.9
3J(Si, C(AIL) 11.0
H 'J(Si, C(C=)) 53.9 184
AllB Si(a)(H)Me 'T(Si(a), C(Me)) 49.1
— '(Si(b), C(Me)) 50.9
Al Si(b)Me; 3J(Si, C(AID) 8.2
All,B  Si(a)Meg 111, C(C=)) 55.8 184
'J(si, C(C=)) 52.7
Al Si(b)Hs 'T(Si(a), C(Me)) 51.3
3J(Si, C(AIL) 13.8
3J(Si, C(ALL) 10.3
Me  _Me 'J(Si, C(Me)) 50.2 182
Me,Si S _SiMe,
/
H, | | H
\EtZB et el BIIEtz
Me  H 'J(Si(), C(C=)) 51.2 185
. 1 . J—
Me,Si(b Si(a) Si(b)Me, 1](5?(b), C(C—=)) 63.4
J(Si(a), C(Me)) 47.6
Hoo| | A 1J(Si(b), C(Me)) 51.8
EGB c BEL, 'J(Si(b), C(Me)) 51.8
Table B1.3. Silicon(s) bonded to nitrogen(s) and carbon(s)
Me,N-(E)B  Si(Me),-NMe, (si, C(C=)) 78.0 168
'1(Si, C(Me)) 56.2
Et Me
NEtZ 1(si, C(C=)) 82.7 107
Eus” sive, 1(Si, CMe)) 52
= 2J(Si, C(Me)) 9.8
Et Me
HNNa 'J(Si, C(Me)) 47.8 186
Et,B°  SiMe,
Et Bu
+ 1(Si, C(Me)) 47.8 186

\IT
zZ
/7<

Et;B SiMe,

I

o
c

Et



Table B1.3 (Continued )
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NEt, 1(Si, C(C=)) 81.7 107
E,8”  SiMe, 1(Si, C(Me)) 522
Et nBu
1 .
Ph Se>: _site, J(Si, C) 56.8 187
N
Me l’\l
Me
Me(VD)Si[N(H)iPr], 1J(Si, C(Vi)) 80.6 80
'J(Si, C(Me)) 67.1
Me(Vi)Si[N(H)tBul, J(Si, C(Vi) 80.7 80
'J(Si, C(Me)) 67.0
Vi-Si[NMe,ls 1(si, ©) 97.7 137
Vi-Si[N(H)Prl; '1(si, C) 92.3 78,137
NEt, 1(Si, C(C=)) 63.0 107
ELBY O Si@)Me, 1(Si, C(C=)) 61.0
_ R
_ J(Si(a), C(Me)) 51.2
Bt Sib)Mes 1(Si(b), C(Me)) 492
Table B1.4. Silicon bonded to oxygen(s) and carbon(s)
Si(OEt)Me, '1(si, C(C=)) 68.20 85
— 'J(Si, C(Me)) 62.64
cl 2J(Si, C(C=) 7.06
Cl  Si(OEt)Me, 1(si, C(C=)) 71.24 85
=/ 1(Si, C(Me)) 62.64
Meo OMe 'J(Si, C(C=)) 82.4 172
B \SiMez 11(Si, C(Me)) 56.0
Et” \—
Et Me
OEt 'T(Si, C(C=)) 87.5 107
EtzB/ \SiMez ;](Si, C(Me)) 54.1
— J(Si, C(Me)) -11.8
Et Me 3J(Si, C(EY) 8.9
Me 1J(Si, C(Me)) 59 172
MEZSi (@]
— \O—/B\- E}
Et Me Et o—
Me
Si(OEt),Me 1si, C(C=)) 86.90 85
— 11(Si, C(Me)) 78.38
cl 2J(Si, Q) 7.01
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Table B1.4 (Continued )

Cl Si(OEt),Me
__ Si(OEY),

Cl,C = C(H)-Si(OEt),Me

Cl,C =C(CD)-Si(OEt),Me

_Si(b)Me,
O
Et,B Sl(a)Me2

_Si(b)Me;
O
Et,B S|(a)Me2

Si(OMe)3

/_/

Cl

Cl  Si(OMe)s

\—/
Si(OEt)3

/_/

Cl

Gl__ Si(OED;

Cl,C=C(H)-Si(OEt)3
CL,C=C(CD)-Si(OEt)3

Olit
EtzB'/ Si(a)Me,
Et Si(b)Me3

Mezsi N
/:< O1—BEt
Et Me
2

(EtO),Si-C(H) = C(H)-Si(OEb),

11(Si, C(C=))
11(Si, C(Me))

1(si, C(C=))
1J(Si, C(Me))
1(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))

'1(Si(a), C(C=))
17(Si(a), C(Me))
'(Si(b), C)

1J(Si(a), C(C=))
'1(Si(a), C(Me))
J(Si(b), C)

1(si, C(C=))
2J(Si, C(C=))

1(si, C(C=))

1(si, C(C=))
2J(si, C(C=))

(i, C(C=))

1(si, C(C=))
'J(Si, C(C=))
2J(Si, C(C=))

(si, ¢(C=))
(si, C(C=))
'J(Si(a), C(Me))
1(Si(b), C(Me))

(i, C(C=))
11(Si, C(Me))

(i, C(C=))

89.68
78.54

87.35
81.19
91.30
84.34

8.64

84.6
59.2
57.9

81.1
57.8
59.1

115.68
8.05

116.74

114.56
7.79

117.08

115.67
127.28
9.75

66.9
61.0
55.1
51.2

79.3
61.0

115.96

85

85

85

159

159

85

85

85

85

85
85

107

172

85




Applications of Silicon—Carbon Coupling Constants

Table B1.5. Silicon(s) bonded to chlor(s) and carbon(s) and possibly to hydrogen(s)

187

Si(Cl)Me,
Et

Si(Cl)Me,
a
Cl Si(Cl)Me
__ Si(ChMe,

ClL,C=CH)-Si(C)Me,

ClL,C=C(CD-Si(CDHMe,

Et(CHB  Si(C)Me,

Et Me

Et(C)B  Si(Cl)Me,

Et —
Me

CI\
Et,B  SiMe,
Et Bu
CI\
Et,B - 'SiMe,
Et NMe,

NM82
Et,B

Et Si(Cl)Me,
Bu  Si(Cl)Me,
S

tBu  Si(Cl)Me,

_ B@
Ph_ Si(CMe,

RS

'J(Si, C(C=)) 76.5
11(Si, C(Me)) 59.8
11(Si, C(C=)) 69.87
1(Si, C(Me)) 60.69
2J(Si, C) 7.42
'J(Si, C(C=)) 73.02
17(Si, C(Me)) 60.49
11(Si, C(C=)) 70.19
11(Si, C(Me)) 61.77
1J(Si, C(C=)) 74.80
11(Si, C(Me)) 63.82
?Jisi, C(C=)) 8.08
(s, C(C=)) 783
11(Si, C(Me)) 57.0
'J(Si, C(Me)) 59.0
(S, C(C=)) 80.2
11(Si, C(Me)) 56.0
3J(Si, C(E)) 9.1
11(Si, C(C=)) 86.6
'J(Si, C(Me)) 60.3
2J(Si, C(CHp)) 7.4
3J(Si, C(EY) 9.9
'J(Si, C(C=)) 80.2
11(Si, C(Me)) 57.1
'J(Si, C(C=)) 64.5
11(Si, C(Me)) 56.9
11(Si, C(Me)) 57.7
11(Si, C(C=)) 66.0
'J(Si, C(Me)) 57.9
11(Si, C(C=)) 63.5
11(Si, C(Me)) 57.2

82

85

85

85

172

172

83

83

83

181

188
181

181
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Table B1.5 (Continued)

AllLB  Si(Cl)Me,

All  Ph

Me,(CD-C(H) = C(H)-Si(C)Me,

Megsi(b)\z(Si(a)(Cl)Mez
B@
Si(a)(Cl)Me,

Me3Si(b)/:< B@

Mez(CI)Si(b)\=(8i(a)Me3
B@
Si(a)Me3

=
Me,(C)Si(b) B@

o
Et;B  Si(H)Me

Et  HSi(Cl)Me

CI\
Et;B Si(H)Me
=
Et Bu
H(Cl)§58i __Bu
H(Cl)MeSi tB
S
H(Cl)MeSi Ph

11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

1J(Si(a), C(C=))
1(Si(b), C(C=))
11(Si(a), C(Me))
1(Si(b), C(Me))

'J(Si(b), C(C=))
'J(Si(a), C(Me))
1J(Si(b), C(Me))

1(Si(b), C(C=))
J(Si(a), C(Me))
'J(Si(b), C(Me))

'1(Si(b), C(C=))
'J(Si(a), C(Me))
1(Si(b), C(Me))

1(si, C(C=))
11(Si, C(Me))
21(Si, C(CH,))
31(Si, C(Et))

11(Si, C(C=))
1(Si, C(Me))
2J(Si, C(CH,))
3J(Si, C(EY)

1](Si, C(C=))
11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

'J(si, C(C=))
17(Si, C(Me))

58.6

71.11
59.30

64.5
62.7
56.5
52.1

62.8
58.5
51.5

76.3
51.1
58.0

75.0
52.3
56.4

94.3
63.7

4.7
11.5

80.6
59.0
12.3

8.0

80.0
55.8

64.1
56.1

65.6
56.9

64.7
57.3

171

85

181

181

181

181

83

83

83

181

181

181
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Table B1.5 (Continued )

Vi(Me)SiCl, (s, C(C=)) 92 74
11(Si, C(Me)) 71
J(si, c(C=)) 89.70 85
'J(Si, C(Me)) 70.40
SiCl,Me 'T(si, C(C=)) 93.1 82
— 1(Si, C(Me)) 713
Et
Si(Me)Cl, 1(si, C(C=)) 86.11 85
— 'J(Si, C(Me)) 73.00
Cl ?(Si, C) 9.03
Cl  Si(Me)Cl, '1(si, C(C=)) 89.62 85
=/ 17(Si, C(Me)) 72.28
CL,C=C(H)-Si(Me)Cl, Y(si, c(Cc=)) 87.81 85
11(Si, C(Me)) 74.37
CL,C =C(CD)-Si(Me)Cl, 'J(si, C(C=)) 96.77 85
'J(Si, C(Me)) 77.58
2J(si, C(C=)) 10.72
H, 1(Si, C(C=)) 942 177
Et,B  SiCl,
Et_Bu
Vi-SiCls 11(si, C) 113 74
SiCl, 1(si, C) 118.1 82
— 1(Si, ) 112.40 85
Et
SiCl, 11(si, C) 111.86 85
~ 2J(Si, Q) 11.54
cl
C\I_/ SiCly 'T(si, © 115.58 85
Cl,C =C(H)-SiCl; (s, ©) 114.62 85
Cl,C = C(CD-SiCl, (si, ©) 130.77 85
2J(si, C) 13.42
Cl,5i-CH = CH-SiCl, 1(si, ©) 107.46 85
Me;Si(b) Si(a)Me(Cl)H 'J(Si(a), C(C=)) 64.2 181
g 1(Si(b), C(C=)) 61.0
@ 'J(Si(a), C(Me)) 56.0
1(Si(b), C(Me)) 52.0
H, (si, c(C=)) 71.0 177
Et,B  SiCl, 1(si, C(C=)) 55.6
— 17(Si, C(Me)) 51.2

Et  SiMej
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Table B1.5 (Continued)

H 1(si, © 68.2 177
Et  SiCl, 1(Si, ©) 55.1
= 1(Si, C(Me)) 51.4
Et,B  SiMeg %J(Si, C(EY) 17.4
3J(Si, C(EY) 9.6
Cly(Me)Si-CH — CH-Si(Me)Cl, 11(Si, C(C=)) 84.42 85
'J(Si, C(Me)) 71.01

Table B1.6. Silicon bonded to ring(s) or within ring(s) by Si(sp3)—C(sp3) bond(s)

NT) '1(Si, C(C=)) 82.6 107
SN 1(Si, C(Me)) 46.0
Et,B <‘SiMe2
Et Me
(/\Q 'J(Si, C(C=)) 80.7 107
N (Si, CMe)) 57.1
E,B  SiMe,
Et Me
Me,Si —6 1(si, C(2)) 15.7 59
Bu—C=2% 5 1(Si, C4, 6)) 56.2
Me,Si —4 J(Si, C(Me)) 55.7, 55.3
Me,Si —6 '1(si, C2)) 18.2 94
=2 5 1J(Si, C(4, 6, Me)) 55.0
MEZSi —4
Me,Si —6 'J(si, C(2)) 19.8 94
Me =2 5 J(Si, C(4, 6, Me)) 54.7
Me,Si —4
Me,Si —6 'J(Si, C(2)) 16.6 94
=2 5 1J(Si, C(4, 6, Me)) 55.2
Me,Si —4
Me,Si —6, 'J(si, C(2)) 17.2 94
= 'J(Si, C4, 6, Me)) 55.5
MeZSi —4
Me,Si —6 'J(si, C(2)) 18.8 94
F =2 5 J(Si, C(4, 6, Me)) 55.9
MEZSi —4
Me,Si —6 1(si, C2)) 20.2 94
Et —2 5 'J(Si, C4, 6, Me)) 55.7

N/
Me,Si —4



Table B1.6 (Continued )
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i —6
Me A
Me,Si —4
Me
Me s
Me,Si —6
—2 5
N/
Me,Si —4
Me
Me 6
Me,Si —6
—2 5
\.
Me,Si —4
Me
i —6
Cl —A
Me,Si —4
i —6
el T
Ph A/
Me,Si —4
i —6
0 Me,Si —6
Q O =2 5
N,/
Me,Si —4

</:|\|I/SiM_ei_ Bu
—N—pgt,
MeZSi(a? lSi(a)Me2 ?i(a)Mez
S S
\S\ -

Si(b)Vi

MeZSi(a? Si(a)Me, ?i(a)Me2

11(Si, C(2))
11(Si, C(4, 6, Me))

11(Si, C(2))
1(Si, C4, 6, Me))

J(si, C(2))
(i, C4, 6, Me))

11(Si, C(2))
(i, C4, 6, Me))

'(Si, C(2))
(i, C4, 6, Me))

J(si, C(2))
1(Si, C4, 6, Me))

1(si, C(C=))
'J(Si, C(Me))
31(Si, C(Bu))

'J(Si(a), C)

'J(Si(a), C)

'J(si, )

20.7
55.7

19.5
55.5

18.8
55.6

18.4
55.7

19.5
55.6

19.6, 19.9
55.7

61.9
53.4
8.9

56.0

53.8

77.6

94

94

94

94

94

94

189

118

118

137
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APPENDIX B2

Tables of silicon—carbon coupling constants in molecules containing Si bonded by
Si(sp3)—-C(sp2) bond to ring(s).

Table B2.1. Compounds with silicon bonded to one five-membered ring

OMe 11(Si, C(Me)) 51.6 190

Et SiMes
7\ 'J(Si, C(C=)) 76.2 87
o~ SiMes 'J(Si, C(Me)) 53.7
I 'J(Si, C(C=)) 77.9 87
Me™\ 5~ SiMe, 'J(Si, C(Me)) 53.8
A\ 'J(Si, C(C=)) 66.1 87
5~ "SiMes 'J(Si, C(Me)) 53.5
7\ 'J(Si, C(C=)) 69.0 87
NE Do SiMe; 'J(Si, C(Me)) 544
7\ 'J(Si, C(C=) 69.4 87
I N7 SiMe (S, C(Me)) 543
(0]
/@ 'J(Si, C(C=)) 76.4 87
HoN-CHz ™~ SiMeg 'J(Si, C(Me)) 53.9
ﬂ\ 1J(Si, C(C=)) 66.8 87
0N 5~ ~SiMeg 'J(Si, C(Me)) 547
ﬂ 'J(Si, C(C=)) 75.7 87
(E10),CH ™o~ ~SiMes 11(Si, C(Me)) 54.0
@ R 1J(si, C(C=)) 76.7 87
1 .
N\/Q\SiMeS J(Si, C(Me)) 53.9
1J(Si, C(C=)) 75.9 87
MegSn—" - ~SiMe; 'J(Si, C(Me)) 53.7
/@\ 1J(si, C(C=)) 75.7 87
MesSi SiMe; 'J(Si, C(Me)) 53.9

(0]
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Me\S _Me
. n
MegSi —27" N5 —SiMey
/3—4\
Et,B Et

CI\S _cl
_ n
MesSi —27" N5_—SiMes

/ AN
Et,B Et
7

Me Me
AN

Sn
MesSi —27" N5_—SiMeg

\\
B_3—4\
S,

iPryB iPr
Me Me
“sn
Me3Si —27" N5—SiMe,

AN
iBu,B iBu

Br\ /Br

. Sn
Me3Si —27" N5_—SiMe,

/ N
Et,B Et

Si—H bond(s)

@\Si(H)MeZ

(0]

11(si, C(2))
17(Si, C(5))
11(Si, C(Me))
11(Si, C(Me))
23](Si, C(4))

11(Si, C(2))
1J(si, C(5))

1J(si, C(2))
11(Si, C(5))
11(Si, C(Me))
1(Si, C(Me))

11(Si, C(2))
17(Si, C(5))
J(Si, C(Me))
17(Si, C(Me))
231(Si, C(4))
23](Si, C(4))

11(Si, C(2))
17(Si, C(5))
J(Si, C(Me))
11(Si, C(Me))

11(si, C(2))
'1(Si, C(5))
17(Si, C(Me))
11(Si, C(Me))

11(si, C(2))
'J(si, C(5))

(s, C(C=))

65.0
63.6
51.9
51.9
11.6

63.6
62.0

65.1
64.2
52.3
52.3

65.4
64.3
52.3
52.3
141
10.5

65.5
64.0
51.2
51.2

65.3
63.8
52.0
52.0

63.5
62.8

80.2

191,192

176

191

191

191

191

176

86
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Table B2.1 (Continued)

@sms

O

S
Si—N bonds

Me3S|(c)

Me;Si(b)

Me;Si(c)
Me;Si(b)
Sl\(a)Me2 ~
N Sn
/ \_ —
Si(a)Me, 2
2 MesSi(c)
Si—Cl bonds
3N
s SiCl,
Si-Vi bond
/ \
e} SiMe,
BN
S SiM82

. Me
Me3S\| g -

_Megsi(a) Et
_Megsi(a)

Me;Si(b) Et
B\N
Me38|(a) BEt,

11(Si, ©) 84.0
1151, ©) 73.2
!J(Si(a), C(Me)) 56.0
1(Si(a), C(Me)) 56.1
1(Si(b, ¢), C(Me)) 52.4
J(Si(b, ¢), C(Me)) 51.6
!J(Si(a), C(Me)) 55.3
11(Si(b, c), C(Me)) 52.3
(Si(b, c), C(Me)) 51.8
'(Si(a), C(CH,)) 63.6
1J(Si(a), C(Me)) 53.5
!J(Si(a), C(Me)) 53.5
1(Si(b, c), C(Me)) 51.2
1(Si(b, ¢), C(Me)) 512
'J(si, C) 129.4
11(Si, C(OC=)) 78.0
11(Si, C(Vi)) 69.0
1J(Si, C(SC=)) 68.4
1J(Si, C(Vi)) 68.3
11(Si, C(5)) 55.7
11(Si, C(6)) 61.8
11(Si, C(Me)) 50.9
11(Si, C(Me)) 50.9

87

87

133

133,193

133

87

86

86

194
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Table B2.2. Compounds with silicon bonded to more five-membered rings

_/ \‘ 'J(Si, C(C=)) 83.0 87
Z S——SiMez '7(Si, C(Me)) 57.1
| O . Pt
[\ (i, C(C=)) 715 87
~SiMe; '(Si, C(Me)) 56.6
| s7
_ L
J(Si, ©) 87.8 87
Z/ \&—Sin
o) P
- .
J(Si, C) 75.4 87
Z/ \B——SiH2
L s” 1,
_/ \_ i, ©) 108.6 87
[ B——SiCIz
| 7,
_/ \_ 11(Si, C(OC=)) 853 86
[ > — 'J(Si, C(Vi)) 734
o~ |>siMe
- -2
[\ ] 1J(Si, C(C=)) 90.3 87
Z/ \&—SiMe 1(Si, C(Me)) 605
| ~07 5
_/ \_ 11(Si, C(C=)) 89.8 86
Z M siet
| 0" g
[\ 11(Si, C(C=)) 77.1 87
s -SiMe '1(Si, C(Me)) 59.6
- -3
L o
J(Si, ©) 92.0 87
Z/ \X-—SiH
| o7,
L .
J(Si, O 78.7 87
Z/ \Lsm
S
— > -3
_ o
J(Si, ©) 93.7 87
/ - sicl
S

|
|
w
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Table B2.2 (Continued)

I:/ ) 1(Si, C) 97.3 87
Si
o 4
1 .
J(Si, ©) 82.7 87
[/ e
S 4
Table B2.3. Compounds with silicon bonded to six-membered ring(s)
Me;SiPh 11(Si, C(Ph)) 66.5 68
11(Si, ©) 522 70
Me,(H)Si Ph J(Si, C(Me)) 51.0 61
= 1J(Si, C(Me)) 50.5
Al A 31(Si, C(4)) 53
Al 31(Si, C(Ph)) 45
Ho(Me)Si nBu 17(Si, C(Me)) 50.0 61
— 2J(Si, C(C=)) 8.2
Al ? 3(si, C(4)) 7.6
Al
HsSi  Ph 2J(Si, C(C=)) 3.0 61
— 57(Si, C(4)) 5.6
Al ! 3J(Si, C(Ph)) 5.6
Al
H,Si-Ph 17(Si, C) 71.6 195
2J(Si, C) 4.88
31(si, C) 6.09
Me,(Ph)Si(b)-Si(a)Me; (Si(a), C) 441 119
'J(Si(b), O) 448
Me,(Ph)Si-N(H)Et J(Si, C(Ph)) 71.9 80
1(Si, C(Me)) 58.3
Me,(Ph)Si-N(H)iPr J(Si, C(Ph)) 72.4 80
7(Si, C(Me)) 57.8
Me(Ph)Si[N(H)iPrl, 17(Si, C(Ph)) 81.7 80
17(Si, C(Me)) 67.0
Me(Ph)Si[N(H)Bul, J(Si, C(Ph)) 81.6 80
1(Si, C(Me)) 66.5
Ph-Si(N(H)Pr); (s, ©) 92.9 137,78
Si(b)Me; 'J(Si(a), C(Ph)) 73.3 159
o 1(Sica), C(Me)) 59.5
E,B  Si@)(Ph)Me 1(Si(b), C) 59.1

Et Me



Table B2.3 (Continued)
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F—@—Si(CI)MeZ
Br@Si(CI)MeZ

Ph(CH3—(CH,),)SiCl,
Ph(CH3—(CH,)s5)SiCl,
Ph(CH;3-(CH,);)SiCl,

MeO @S|C|2_(CH2)5‘ME

Ph-SiCl,

(Mez(Ph)Si—CHz)zsnclz

\qCH(SiM%)z

(Me3Si),HC

(Me3Si),HC Si=—C=N

Me
Me
Me
Me3Si),HC
(Me3Si), @(CH(SIME}B)Z
C

(Me3Si),H
Me
Me
Me
(Me3Si),HC
(Me3Si),HC Si=—C=N

"

Phy(Me)Si-NH,
Ph,(Me)Si-N(H)Ph

(Me,(Ph)Si),NH

Ph,(tBu)Si —o<©

Si=—C=—N

iPr

tBu

qu(sn\/l 9% CH(SVey),

CH(SiMe3),

CH(SiMe3),

iPr
‘QiPr

D

11(Si, C(Me))
11(Si, C(Me))

11(Si, C(CH,))
11(Si, C(CH,))
1J(Si, C(CH,))

11(Si, C(CH,))

'1(si, ©)
3J(Si, C)
11(Si, C(Me))

1(Si, C(C=N))

1(si, C(C=N))

J(Si, C(C=N))

11(Si, C(Ph))
11(Si, C(Me))
1(Si, C(Ph))
11(Si, C(Me))
11(Si, C(Ph))
11(Si, C(Me))

J(Si, C(Ph))
7(Si, C(tBu))
2(Si, C(OPh))
31(Si, C(OPh))

59.9, 59.8

59.4, 59.83

71
71
71

71

~117

9.1
54.4

38.6

1.0

22.1

74.4
59.8
76.1
60.6
722
58.2

74.4

69.4
2.63
2.02

196

196

197
197
197

197

195

198
60

60

60

79

78

79

111
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Table B2.3 (Continued)

Ph,(tBU)Si —O@Me
Ph,(tBU)Si —O@F
Ph,(tBU)Si —o«@»ovwe
Ph,(tBU)Si —o—@m
Ph,(tBU)Si —o~<i>f|\102
Ph,(tBU)Si —04<i>7c|:3

[F@»Si(mwe

2

(Me,(Ph)Si-CH,)3SnH
(Mez(Ph)Si—CH2)4Sn

tBu\ tBu
Si(a)-O\ O—Si(b

[(Me,(Ph)Si-CHo)s5nl,

11(Si, C(Ph)) 74.0
1J(Si, C(tBu)) 69.4
2J(Si, C(OPh)) 2.62
3J(Si, C(OPh)) 2.06
17(Si, C(Ph)) 74.8
(i, C(tBu)) 69.4
2J(Si, C(OPh)) 2.56
3J(Si, C(OPh)) 2.08
1J(Si, C(Ph)) 74.8
(i, C(tBu)) 69.4
2J(Si, C(OPh)) 2.56
3J(Si, C(OPh)) 1.99
J(Si, C(Ph)) 74.8
11(Si, C(tBu)) 69.4
2J(Si, C(OPh)) 2.63
3J(Si, C(OPh)) 2.08
11(Si, C(Ph)) 74.8
1J(Si, C(tBu)) 69.4
%J(Si, C(OPh)) 2.69
31(Si, C(OPh)) 2.07
J(Si, C(Ph)) 74.0
17(Si, C(tBu)) 69.4
2J(Si, C(OPh)) 2.66
31(Si, C(OPh)) 2.08
(51, C(Me)) 61.5
11(Si, C(Me)) 52.5
1J(Si, C(CH,)) 339
1J(Si, C(Me)) 525
1(Si, C(Ph)) 74.6
1(Si, C(Me)) 60.0
2J(Si(a), C(2,6)) 35
2J(Si(b), C(2,6") 3.7
21(Si(b), C(C=N)) 4.6
31(Si(a), C(3,5)) 5.3
3J(Si(a), C(C=N)) 4.9
3J(Si(b), C(3',5") 5.6
31(Si(b), C(1") 2.3
Y(Sia), C(4)) ~1
4J(Si(b), C@4) ~1
1J(Si, C(CH,)) 26

17(Si, C(Me)) 51.5

111

111

111

111

111

111

196

198
198

79

28

198
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Table B2.4. Compounds with silicon bonded by Si(sp3)—C(sp2) bond(s) to six-membered ring(s)
and by Si(sp3)—X(sp3) bond(s) to or within other cycles

Ph 1J(Si, C(Ph)) 69.1 82
\W 1](51, CHOQO)) 59.9
cCl, Si(Ph)Me; 1(Si, C(Me)) 55.2
Ph 17(Si, C(Ph)) 69.2 82
1 .
W J(Si, ©) 58.8
Mea(PST Ao, 17(Si, C(Me)) 55.2
Ph 1J(Si, C(Ph)) 70.7 82
\W 1](51, CHOQO)) 62.4
cl, SiPhy;Me 17(Si, C(Me)) 56.9
Ph J(Si, C(Ph)) 70.9 82
1 .
X 7 J(Si, C(C) 63.2
MePh2ST A, (Si, CMe)) 57.6
Ph 1J(Si, C(Ph)) 73.1 82
\W 1J(Si, C(HC)) 64.4
SiPhg
ccl,
N 17(Si, C(Ph)) 60 76
Me(Ph)Si /3 7(Si, C(2,4)) 43
N4 11(Si, C(Me)) 46
2 11(Si, C(Ph)) 62 76
ths/ > 'J(si, C(2,4)) 44
\4
. ~S_ Ph 17(Si(b), C(Ph)) 76.8 162
M
ezsf(?) “sitb)Me 1(Si(a), ©) 467
Me,Si(a) " 'J(Si(b), C(Me)) 60.3
1 .
Me,Si ~S\ J(Si, C(Ph)) 46.7 162
| SiPh,
MGZSi ~g
H 17(Si, C(Ph)) 83.8 79
N—Si\Mez J(Si, C(Me)) 63.1
Ph,Si NH
\ /
N—SiMe,
H
O—SiMe, '1(si, ©) 68.2 77
Ph,Si NH
\ /
O—SiMe,

1si, ©) 117.3 78

Ph
o_!.0
?l
N



200 Vratislav Blechta

Table B2.4 (Continued )

'J(Si(a), C) 56.4 118
Me,Si(a)™ Si(@)Me, Si(a)Me;

S /S
Si(b)Ph

foe >

'J(Si(a), C) 53.5 118

¥

MeZSi(a] Si(a)Me, ?i(a)Mez
Se Se Se
\Y

Si(b)

A\

h

H ph : 'J(Si, ©) 76.0 137

N\éi\/NH
CED

Table B2.5. Compounds with silicon bonded by Si(sp3)—C(sp2) bond to six-membered ring(s) and
to substituted vinyl(s) or C=0O

Si(Ph)Me, 1J(Si, C(Ph)) 67.7 82
= 'J(Si, C(HC =)) 67.6
Et 11(Si, C(Me)) 54.2
Ph-CH = CH-Si(Ph)Me, 1J(Si, C(Ph)) 67.7 86
(Si, C(HC=)) 67.6
Si(Me)Ph, 1(Si, C(Ph)) 69.4 82
— 1J(Si, C(HC=)) 69.8
Et 11(Si, C(Me)) 55.5
Ph-CH = CH-Si(Me)Ph, 1J(Si, C(Ph)) 69.4 86
(Si, C(HC=)) 69.8
Et,B  Si(Me)Ph, 7(Si, C(Me)) 52.9 168
Et Me
SiPhg 'J(Si, C(Ph)) 712 82
— 1(Si, C(HC=)) 722
Et
Ph,Si \n/Me 'J(si, C(C=0)) 64 88
(@]
PhySi —-Ph 'J(Si, C(C=0)) 64.0 88
0
(Me;Si)sSi - ~OSiPhg 'J(Si, C(Me)) 45.8 88
o ?(Si(SiMes), C) 37.0
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Table B2.5 (Continued)

AllB  Si(a)Meg 1J(Si(b), C(Ph)) 76.7 184
'J(si, C(C=)) 57.2
Al Si(b)(H)Ph, 17(Si(a), C(Me)) 51.5
3J(Si, C(AlL) 11.0

H 'I(Si(a), C(Ph)) 76.3 184
All,B \Si(a)th 1(si, C(C=)) 57.2
— J(Si(b), C(Me)) 50.5
All Si(b)Me; 31(Si, C(AID) 14.8
3(Si, C(AlD) 7.6

Table B2.6. Compounds with silicon bonded to heteroaromatic rings

B (si, c(C=)) 75.9 86
| ~
N SiMes
o -SiMe; 'J(Si, C(C=)) 62.8 86
|
N
2 SiMeg 'J(si, C(C=)) 54.7 86
R
X _N
\Me
N 111, C(C=)) 57.0 86
7
Me X siMes
@\ 'J(si, C(C=)) 75.5 86
e
N~ “SiMej
1(Si, C(C=)) 62.5 86

A SiM83
~
N

Table B2.7. Compounds with silicon bonded to spiro structures or to other bi-cycles

Me;Si(b) !I(Si(a), C(C=)) 61.6 192
Et Si(b)Mes 'J(Si(b), C(C=)) 64.2
= i_:Et (S, C(Me)) 522
<~/ 1J(Si, C(Me)) 522
H \ Si(a)Me;
Me3Si(a)
Me;Si(b) 'J(Si(a), C(C=)) 64.2 192
Me Si(b)Me 'J(Si(b), C(C=)) 63.8
‘ = ____Me~. 'J(Si, C(Me)) 52.2
Me g A /SN me 'J(Si, CMe)) 522
Me” Me3Si(a)Sl(a)Mes \

Me
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Table B2.7 (Continued)

Me3Si(b)
L Et Si(b)Mes

Sn_— \
Et\ S _Et

B : B
‘ Si(a)Me \
Bt Me,Si(a) S =
MeSi(b)
Pr Si(b)Mes
' - o= Pro-
Pr\ = N>— B/PI:
b B \ Si@aMe; °\
r Me3Si(a) Pr
MeSi(b)
iPr Si(b)Mes
‘ — iPr-.
i Sn_— }
|Pr\B =~ n _iPr

o Si(a)Me
iPr Me;Si(a) : Nipr

e3Si(b)
j:ﬁ Sl(b)Me3
Me,Sia )SI(a)M83 @
e3S| b)
/jif Si(b)Me3
Me,Sila )Sl(a)Me3 @

BU~ MesSi  SiMes

MesSi  siMes g,

Me;Si Al

Messlji)\

11(Si(a), C(C=))
17(Si(b), C(C=))
11(Si, C(Me))

1(Si, C(Me))

23](Si, C(EtC=))
11(Si(a), C(C=))
11(Si(b), C(C=))
23](Si, C(EtC=))

11(Si(a), C(C=))
Y(Si(b), C(C=))

'(Si(a), C(C=))
11(Si(b), C(C=))

1(Si(a), C(C=))
11(Si(b), C(C=))
1(Si, C(Me))
11(Si, C(Me))
231(Si, C(EtC=))

11(Si(a), C(C=))
Y(Si(b), C(C=))
17(Si, C(Me))
11(Si, C(Me))

'(Si, C(C=))
7(si, C(C=))
11(Si, C(Me))
'(Si, C(Me))

17(Si, C(Me))
11(Si, C(Me))

64.4
63.3
514
52.0
11.3
64.4
63.4
11.3

64.9
63.4

64.9
63.8

64.3
63.8
53.2
51.2
10.3

65.3
64.1
51.9
51.9

64.4
63.3
52.0
51.4

51.0
50.5

192

176

192

192

192

192

193

194
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APPENDIX B3

Tables of silicon—carbon coupling constants in molecules containing Si bonded by
Si(sp3)—-C(sp2) bond within ring(s).

Table B3.1. Compounds with silicon within four-membered ring

tBu 1(Si, C(2)) 50.8 105
1} (si, C4)) 54.1
7N\ 11(Si, C(Me)) 45.9
Me;Si 4//3_BEtZ 2{3](151, C(tlesuC(4))) 53, <2
3,4 . J—
- 1(Si, C(tBuC =)) 3.6, 8.0
tBu (S, C(2)) 52.6 105
E (s, C4)) 54.1
/Ng g 'J(Si, C(Me)) 44.6
Me28|\ 4//
tBu
tBu J(Si, C(4)) 54.0 105
\lz 17(Si, C(Me)) 45.0
¢ g
Me(H)Sl\ 4//
tBu
tBu 1(Si(a), C(2)) 499 105
ﬂ 'T(Si(a), C(4)) 405
N 1(Si(b), C(4)) 64.9
Me,Si(a){ //3—BEtz 11(Si(a), C(Me)) 51.3
1 'J(Si(b), C(Me)) 51.4
Si(b)Mes 31(Si(b), C(2)) 15.8
MegSi(b)<_ I(Si(a), C(2)) 54.4 105
I2I (Si(a), C(4)) 53.5
s \3—5@ 'J(Si(b), C(C=)) 70.4
MeH)SIR 7 J(Sia), C(Me) 4.1
i J(Si(b), C(Me)) 51.6
tBu
Table B3.2. 1-Azonia-2-sila-5-boratoles
NMe 181, C(C=)) 77.5 168
MeB” SiMe, 1(Si, C(Me)) 52.5
Me Me
_NNa 181, C(C=)) 70.2 168
mes” SiMe, 1(Si, C(Me)) 4838

Me Me
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Table B3.2 (Continued)
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+ H

Na N

Na
MeZB/ SiMe,

Me Me

NMe
/N .
EtB SiMe,

Et Me

N\
2T
Ve

EtB°  Si(Ef)Me

T

Et Me

N
/Z
0’F

CiB iMe,

T

m
-
<
)

AN
=z

/=Z
©

EB SiEtMe

T

Et Me
NMe
/N .
EtB SiMe,

T

Et Et

N
EtO-B  SiMe,

N
[]

m
L
@

\
P
=
)

N
7=Z

EtO-B" SiMe,

T

m
<
o

P

N
z
&

EtB Si(Et)Me

I

Et Me

11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

1(si, C(C=))
17(Si, C(Me))

(s, C(C=))
7(Si, C(Me))

(s, C(C=))
11(Si, C(Et)
11(Si, C(Me))

(si, C(C=))
11(Si, C(Me))

1(si, C(C=))
17(Si, C(Me))

1(Si, C(Me))

(s, C(C=))
11(Si, C(Me))

1J(si, C(C=))
J(Si, C(Et))
17(Si, C(Me))

46.8

76.0
52.0

75.7
51.8

74.7
54.0

76.0
55.8
51.8

76.6
522

75.1
53.5

53.9

75.1
53.7

70.2
50.9
47.8

168

168,172

168

168,172

168

168

168

168

172

168
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NNa
/

N\
EtB  SiMe,

EB’ \SIME

=

Et u

B
NMe

/N
tBuB SiMe,
Me
NM

e
s

Et- 02 SIMeZ

=

N

Me
7 N

EtO,B°  SiMe,

=

Et,B

Et

+—

Na H

Et,B

Et

+

=z
QD
\
Z T
7/

Si(EtMe

Me

SiMe,

Et

EtzB SlMe2

Et Me

11(si, C(C=))
1(Si, C(Me))

1(si, c(C=))
1(Si, C(Me))
1(si, C(C=))
J(Si, C(Me))
1(si, C(C=))
7(Si, C(Me))

(si, C(C=))
11(Si, C(Me))

11(si, C(C=))
1(Si, C(Me))

1 J(Si, C(C=))
11(Si, C(Me))

1J(si, C(C=))
17(Si, C(Me))

11(Si, C(Me))

17(Si, C(Me))

17(Si, C(Me))

70.2
48.8

75.4
53.3
754
53.2

76.0
53.7

76.4
52.5

73.2
53.7

73.2
53.7

76.0
52.0

48.1

46.8

47.8

168

172

168

186

168

168

172

186

168

168

168
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Table B3.2 (Continued)

, N(H)Me 7(Si, C(Me))
EtB SiMe,
Et Bu
NPh (si, C(C=))
EtB SiMe, 'J(Si, C(Me))
Et Me
N\e 1J(si, C(C=))
EtB SiMe, '(Si, C(Me))
Et Ph
1 .
Na+ H _ J(Si, C(Me))
N
RSN
[EtzB S|M82
Et >:
Me
NNa 7(Si, C(Me))
7N\
EtB SiMe,
Et Ph
_NPh (s, C(C=))
EtB"  SiMe, 'J(Si, C(Me))
—CH,
Et Me
N:BEt, 'J(Si, C(C=))
EtB" SiMe, 17(Si, C(Me))
Et Bu
Na' H - 'J(Si, C(Me))
N
/N
EtzB SiMeZ
=
Et Ph
/N-\N(H)-F’h 1(si, C(C=))
EtB~ SiMe, 'J(Si, C(Me))
Et Bu
NPh 'T(Si, C(C=))
Et,B  SiMe, 'J(Si, C(Me))

Et Bu

53.3

76.3
53.4

75.4
53.3

48.8

49.6

73.6
54.5

75.4
54.0

49.8

75.1
54.0

76.3
53.4

186

168

168

172

168

168

186

168

186

186
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NiCHZ—Ph
Et,B SiMe,
Et Bu
N/B{
/ON L
EtB SiMe,
Et Bu

jos
/N\ .
Et,B  SiMe,

Et Bu

N-SnMe3
SN
EtB SlMez

Et Bu

Me.

Cl Si

A
Et,0 -AI—N |
I N

B

Cl Et

N-\PPhZ
EtB SiMeZ

Et u

N-\Sl(b)Me3

EtB Si(a)Me,

Y={

11(si, C(C=))
1(Si, C(Me))

(s, C(C=))
17(Si, C(Me))

11(Si, C(Me))

1(si, C(C=))
17(Si, C(Me))

17(Si, C(Me))

1(si, C(C=))
17(Si, C(Me))

1(Si(a), C(C=))
'J(Si(a), C(Me))
J(Si(b), C(Me))

11(Si, C(C=))

1(Si, C(Me))

(s, C(C=))
11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

73.5
52.5

74.0
54.0

52.9

74.8
52.7

54

76.3
54.0

74.8
52.8,52.7
56.4

76.2

52.1

76.8
52.3

75.5
53.4

186

186

186

186

186

186

186

102

102

102
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Table B3.2 (Continued)

Si—H bond

+ H -
Na
N

N
Et,B Si(H)Me

Et Me
Si—Ph bond

H

/N\
EtB” Si(Ph)Me

T

Et Me

NMe
VAN

EtB Si(Ph)Me
Et Me
NNa

/ N\
EtB  Si(Ph)Me
Et Me

NH,
/N2
Et,B"  Si(Ph)Me

Et Me
+ H q°
Na N
70N
Et,B~  Si(Ph)Me
Et Me |
K’ H 1
NC
Et,B  Si(Ph)Me
Et Me _
Two cycles
Me Me Me
\SI
‘ N—(CHy),
B
Et “Et Et”
Me
\s( /Si
‘ /N : \
B B
\ /

17(Si, C(Me))

17(Si, CMeC=))
11(Si, C(Me))
11(si, C(3))

7(Si, C(Me))

17(Si, CMeC=))
11(Si, C(Me))

11(Si, C(Me))

17(Si, CMeC=))
1J(Si, C(Me))

1J(Si, C(MeC=))
1J(Si, C(Ph))
7(Si, C(Me))

17(Si, C(Me))

17(Si, C(Me))

1(Si, C(Me))

48.8

78.8
55.4
79.5
56.2

79.3
54.3

50.2

86.5
53.9

81.0
60.3
50.2

49.8

52.0

53.4

168

168

199

168

168

168

168

168

186

186
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Table B3.2 (Continued)

1 .
e Ye ve, e J(Si, CMe)) 523 186
‘ N / ‘ Bu
B/N_(CHz)a_N\B
Et \Et Et” Et
Me, _Me i), CC=)) 76.9 186
?i(a Bu l](Sl(a), C(Me)) 53.1
MeZSi(b) N\ | ](Sl(b), C(Me)) 62.9
B
e’ E
2

Table B3.3. 1-Oxonia-2-sila-5-boratoles

O 'J(si, C(C=)) 73.2 172
EtBj SiMe, 11(Si, C(Me)) 57.4
Et Me
O (si, C(C=)) 719 159
BB Si(EHMe 1(Si, C(EY) 59.0
>—<_ 1J(Si, C(Me)) 56.5
Et Me
O 'J(si, C(C=)) 745 172
Et'O'B: SiMe; 11(Si, C(Me)) 58.7
Et Me
L0 'J(Si, C(C=)) 73.2 172
EtB iMe, 7(Si, C(Me)) 57.4
Et Me
O . 1J(Si, C(C=)) 73.2 159
EtzB: SiMe; 11(Si, C(Me)) 57.4
Et Me
H 11(Si, C(C=)) 86.4 159
Lo
Et,B” SiMe,
Et Me
I|4 11(Si, C(Me)) 53.3 159
e
Et,B”  Si(Et)Me

Et Me



210 Vratislav Blechta

Table B3.3 (Continued)

HoNMe

N oY
B SiMe,
Et” \—

Et Me

I}/Ie

o)
Et,B” “SiMe,

Et Me

. 0 ;
K'lE,B 7 SiMe,

Et Me

HNVe o
B siMe,

=L
Et —

Me
.0
EtB SiMe,
E(  Ph

. 0
K'lEw,B 7 SiEYMe

Et Me

§|Me2
Et

NMe, " PON
Et,B iMe,

Me

D

4
JoN

Et,;B SiMe,

Et Ph

11(Si, C(C=))
11(Si, C(Me))

11(Si, C(Me))
'J(si, C(C=))

(s, C(C=))
11(Si, C(Me))

11(Si, C(C=))
11(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

(i, C(C=))
11(Si, C(Me))

11(Si, C(Me))

1(Si, C(Me))

11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))

79.5
55.0

55.5
87.9

82.3
51.9

79.5
55.6

71.6
58.3

81.6
51.4

56.8

56.1

51.5

85.4
56.0

172

159

173

172

159

173

159

172

173

159
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Table B3.3 (Continued)

K* O - 'J(Si, C(C=)) 78.8 173
Et,B SiMe, 11(Si, C(Me)) 53.3
Et Ph
AICI 'T(Si, C(Me)) 61 172
0
EtB iMe,
Et Me
1 .
N(H)Mes' o, - J(Si, C(Me)) 55.8 173
Et,B SIM82
Et Ph
1 .
NMe," o, - J(Si, C(Me)) 53.0 173
Et,B SIM62
Et Ph
Si—Ph bond
- 'J(Si, C(C=)) 75.1 159
Si(Ph)Me 11(Si, C(Me)) 59.3
Et Me
Me 'J(Si, C(Ph)) 73.7 159
0. 1(Si, C(C=)) 89.9
Et,B \ﬁl(Ph)Me 7(Si, C(Me)) 57.8
Et Me
Kt B J(Si, C(Me)) 55.0 173
Et,B Sl(Ph)Me
Et Me

Table B3.4. 1-Thionia-2-sila-5-boratoles and 1-selenia-2-sila-5-boratoles

Si-S
N 11(Si, C(Me)) 51.9 200
EtB fsnvle2
Et Me
S 'J(Si, C(C=)) 67.6 200
BB SiMe, 11(Si, C(Me)) 51.9
Et —

Me
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Table B3.4 (Continued)

I\Ille

Et_ .St
B SiMe,
MeS \—
Et Me

MegP* .S
B iMe,

Et \—
Et Me

Me@
\ + S
/N\B’ \SiMez

Bt \—

Et Me

ACly
&
EtB SiMe,

Et Me

Si—Se

1(si, C(C=))
17(Si, C(Me))
1(Si, C(Me))

11(Si, C(Me))

1(si, C(C=))
1(Si, C(Me))

1(si, C(Me))

1(si, C(C=))
17(Si, C(Me))
2J(Si, C(Me))
3[(Si, C(EY)

1(Si, C(C=))
11(Si, C(Me))

1(si, C(C=))
11(Si, C(Me))
17(Si, C(Me))

11(Si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

17(Si, C(Me))

76.3
52.7
51.9

50.2

72.4
50.1

53.9

68.1, 68.2
50.4, 50.7
8.2
8.2

65.0, 65.7
51.5, 51.5

71.4
49.5
48.8

67.8
50.7
49.7

53.1

201

200

200

200

202

202

202

202

202
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Table B3.4 (Continued)

AlCI, 'J(Si, C(C=)) 53.3 202

Se
EB”  SiMe,

Et

Table B3.5. 1-Sila-2, 4-cyclopentadienes

Me\s_/Me '1(Si, C2)) 67.8 99
I 1 .
Me—”"" e J(Si, C(5)) 62.7
A M 1(Si, CMe)) 187
A >3](Si, C(3)) 8.7
Et 23](Si, C(4)) 93
1(Si, C(2)) 67.7 102
11(si, C(5)) 62.8
7(Si, C(Me)) 48.7
Me Me (51, C(2)) 68.5 175
S _ipent 'J(Si, C(5)) 60.8
A\ 1(Si, C(Me) 49.4
33— 2J(Si, C(3)) 6.0
Et 2(Si, C(4)) 8.8
Me _Me 'J(Si, C(2)) 68.5 175
S_ph 11(Si, C(5)) 62.1
N\ 1(Si, C(Me) 50.4
A4 ?J(Si, C(3)) 5.8
Et 2J(Si, C(4)) 8.8
Me. _Me 'J(si, C(2)) 65.9 99
Moo’ oM 1(Si, C(5)) 68.7
N/ 1J(Si, C(Me)) 472
A4 2J(Si, C(4)) 11.0
Et,B Et
Me  _Me 1(si, C2)) 66.5 99
Si 11(Si, C(5)) 63.6
TN ,
e (Si, CMe)) 47.9
3—4 2J(Si, C(3)) 8.8
Et 2J(Si, C(4)) 9.8
Me_ .Me 'J(Si, C(Me)) 50.0 99
Ph<,~>'\._Ph
N\
/3—4
Et
Me  Me (s, C(2)) 63.1 203
_Si 11(si, C(5)) 68.2
“3“\2\\ P 17(Si, C(Me)) 476
i 2J(Si, C(4)) 10.6
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Table B3.5 (Continued)

M(\e _Me

Bu\z/SI\ J
i
3—4
/ AN

Et,B Et

NMe,

Me\s_/Me
|
BU\z/ No-Bu

N/

P4
Et,B Et
Me( _Me
/SI
tBu~2 Ns-tBu

—

\

Et,B  Et

Me. _Me
i
iPent~27"" Ss—iPent

3—1

\

Et,B Et
iPent = -CH,-CH,-C(H)Me,

Me( _Me

Ph-~ SN —iPent
W

EL,B  Et
iPent = -CH,-CH,-C(H)Me,

Me  Me
Si
MesSn—, "~ ~;_—iPent

3—4
/

Et

Me ./Me
/SI\ B
N

AR

Et  BE

MezSn

31(Si, C(Vi))
"1(Si, C(tBu))
"1(Si, C(tBu))

1151, C(2))
11(Si, C(5))
11(Si, C(Me))
2(Si, C(4))
2J(Si, C(NCHy))

(i, C(2))
11(Si, C(5))
11(Si, C(Me))
2J(si, C(4))

1(Si, C(2))
17(Si, C(5))
1(Si, C(Me))
21(si, C(4))

11(si, C(2))
11(Si, C(5))
11(Si, C(Me))
?J(Si, C(4))

17(Si, C(2))
11(si, C(5))
11(Si, C(Me))
2J(Si, C(4))

11(Si, C(Me))
2J(si, C(4))

1(Si, C(2))
17(Si, C(5))
1(Si, C(Me)
?J(Si, C(3))
2(Si, C(4))

17(Si, C(2))
11(Si, C(5))
11(Si, C(Me)
2J(Si, C(3))

7.1
6.6
6.1

68.1
70.0
48.0
<10
12.4

64.1
68.2
47.3
10.7

64.1
67.5
47.0
11.7

65.9
68.8
48.5

9.8

63.5
67.1
48.2
10.4

49.3
9.8

52.8
59.6
48.4

3.9
11.7

53.9
60.0
47.8

6.6

204

99

99

99

99

99

175

175
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Me Me
X 7

/SI\ _tBU
2\>_£/5 tB

/ \
Et BEt,

Me3Sn

Me _Me
Si .
MesSn—,~ I\5/|F’ent

Et BEt,
Mg _,Me

MesSn— /S'\ _Ph

A\

3—4
\

/
Et BEt,
Mg /Me
Si(a)
MeSi(b)—s"" o
’ \

3—4
/ \
Et,B Et

NMe,

Me _Me

Me,Si(b) 5/Si(a\)z SnMe
3 — - 3
S/

AIIZB/ All
Mg _Me
Me;Si(b) /Si(a\z Si(c)M
TUTN

A

Et,B Et

11(si, C(2))
11(Si, C(5))
1J(Si, C(Me)
2j(Si, C(3))

11(si, C(2))
17(Si, C(5))
1(Si, C(Me)
2J(Si, C(3))

11(si, C(2))
1J(si, C(5))
11(Si, C(Me)
2J(Si, C(3))

11(Si, C(2, 5))
J(Si, C(2, 5))
1(si, C2, 5))
11(Si(a), C(Me))
J(Si(b), C(Me))
2J(Si, C(4))
2J(Si, C(NCH,))

11(Si(a), C(2))

1J(Si(a), C(5))

'1(Si(a), C(Me)
'1(Si(b), C(Me)
?J(Si(a), C(3))

1(Si(a), C(C2))
'J(Si(a), C(C5))
1(Si(b), C(CH))
J(Si(a), C(Me))
'1(Si(b), C(Me))

1151, C(2))
11(Si, C(5))
1(Si(a), C(Me))
1(Si(b), C(Me))
23J(Si, C(3))
231(Si, C(3))

11(Si, C(Me))
17(Si, C(Me))
17(Si, C(Me))
23](Si, C(4))
231(Si, C(4))

53.4
62.1
47.4

44

54.5
60.5
48.0

6.5

53.4
58.6
48.6

5.0

65.0
64.1
53.5
48.3
51.3

<10

11.9

51.8
44.0
47.4
50.9

9.0
442
51.8
63.9
47.4
51.2

55.6
13.7
51.2
47.2
11.0

9.3

51.4
50.9
47.0
11.7

8.6

175

175

175

204

175

205

194

99
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Table B3.5 (Continued)

Me  Me
Me3Si(a) Si(%/s'( M
3 i(c)Me3
;&4

Me Me e MQ _Me
Si\ é Si H
H—s5 2—Sn
|
ey
Et,B Et Et BEt,
Me Me r\|/|e Me  Me
i Si
BU\/ N,_—Sn Bu
NN
/4—3\
Et,B Et Et BEt,
Me\ /Me Me MQ /Me
Si I Si
tBu—z"" N,_—Sn tBu
/AR
f4—
E,B”  Et Et  BEL

Me\ ./Me Me Me Me

S | Si
iPent—s-" I\z/?n
_// Me \ /
/ \
Et,B Et Et BEt,

Me_ /Me Me Me _/Me

Ph\5/SI\2/ N Si
W Was

/ \
Et,B Et Et BEt,

1151, C(2))

11(si, C(2))

11(Si, C(5))

11(si, C(5))
11(Si(a), C(Me))
11(Si(b,c), C(Me))
1(Si(b,c), C(Me))
23](Si, C(4))
23)(Si, C(4))

J(Si(a), C(2))
11(Si(b), C(2))
J(Si(b), C(5))
'J(Si(c), C(B))
1J(Si(a), C(Me))
1(Si(b), C(Me))
(Si(c), C(Me))
2J(Si(b), C(4))
2J(Si(c), C(4))
3J(Si(a), C(4))

'J(Si, C(2))
17(Si, C(5))
11(Si, C(Me))

(i, C(2))
11(Si, C(5))
11(Si, C(Me))

(i, C(2))
11(Si, C(5))
11(Si, C(Me))

1J(si, C(2))
11(Si, C(5))
11(Si, C(Me))

1151, C(2))
1J(si, C(5))
1(Si, C(Me))

62.4
43.8
61.5
489
47.2
51.1
50.7
114

8.9

62.4
459
60.4
60.6
51.1
47.6
51.9
12.0
11.9

8.1

53.1
60.1
47.2

53.8
59.6
47.8

52.3
59.9
474

54.0
59.4
47.8

51.9
59.9
48.0

194

158

206

206

206

206

206
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Me Me Me Me Me J(Si, C(2))
N7 N7 1 .
csi_ L s J(Si, C)
Me;Sn \5\\ //2/?| \ / SnMe, 1](Si, 1e6)
A—3 Me 2J(Si, C(3))
Et BEt, Et,B Et 2J(Si, C(3))
Me Me me Me Me 'J(si, C(2))
_ _si@ | Si(@) '1(Si, C(5))
Me3S|(b)\5\\ //2/?n \ / Si(b)Me; 1](Si(a), C(Me))
—3 Me 1(Si(b), C(Me))
E,B”  Et Et  BEt 21(Si, C(3))
Si-H
Mg H 'J(Si, C(2))
Si 11(Si, C(5))
Bu—z<"" 5 —Bu 1(Si, C(Me))
3—i %J(Si, C(3))
e’ H 2(Si, C(4))
Mg (H 1}(51, C)
Si J(Si, C(5))
B“\2\< 7/5"3“ 1(Si, C(Me))
A ?J(Si, C(4))
VIZB Vi "](Sl, C(Bu))
"(Si, C(Bu))
Me  (H (S, C(2)
_Si 1J(si, C(5))
tBU\z\\ //5/tBU 1](81, C(Me))
s—a *J(Si, C4))
vig” Vi "[(Si, C(tBu))
"1(Si, C(tBw))
Me  H 'J(Si, C(2)
Si NMe 1](Si, C(5))
= 11(Si, CMe))
3—a ?J(Si, C(4))
e,8’ Bt 2J(Si, C(NCH,))
Mg (H J(Si, C(2))
Si J(si, C(5))
B”\2\< S5—Bu 1(Si, C(Me))
4 %J(Si, C(4))
Et,B Et
Me H 'J(Si, C(2))
/Si’\ 17(Si, C(5))
, *J(Si, C(4))

3—4
AN
Et,B Et

65.4
44.0
51.3
11.7

8.9

50.3
60.8
47.2
51.2
11.8

63.3
68.1
48.3
9.1
8.4

62.6
68.1
48.0
11.0
7.7
7.0

63.3
67.2
47.5
12.5
6.5
6.3

68.8
70.7
48.2
<10
12.0

64.4
69.0
47.5
11.6

64.2
68.1
47.3
12.3

206

206

203

203

203

204

203

203
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Table B3.5 (Continued)

Me, WH

<.
S SnMe;

\

Et,B Et

s
i(a
Me;Si(b)—27" S5—~
N\
i
Et,B Et

NMe,

Mg WH

) Si(a)
Me38|(b)\2\< S5—Si(c)Meg

//

3—14
— N
Vi,B Vi

Mg oH

Me,;Si(b) /Si(a\) Si(c)Me
3 —~—2 —
i :

3—4
/
Et,B Et

Me _Me

Me(HISIb)—s s Si(e)(HM
2 2 5—3lI(C e
\ i
EtzB/ “Et

M H

e

Me,(H)Si(b) /\Si(aj Si(c)(H)M

e, I(b)—2 5—Si(c e
N\ 7/ ?

/3—4\

Et,B Et

1J(Si, C(HC =))
J(Si, C(SnC=))
'J(Si, C(Me))
2J(Si, C(EtC=))
3J(si, C(Et))

11si, C2, 5))
1S, C2, 5))
11(si, C(2, 5))
'J(Si(a), C(Me))
'J(Si(b), C(Me))
2J(si, C(4))

17(Si, C(2))

17(Si, C(5))
J(Si(a), C(Me))
(Si(b,c), C(Me))
J(Sib,c), C(Me))
231(Si, C(4))
231(Si, C(4))

1151, C(2))

17(Si, C(5))
11(Si(a), C(Me))
J(Sib,c), C(Me))
1(Si(b,c), C(Me))
231(Si, C(4))
23](Si, C(4))

1(Si(a), C(2))
J(Si(b), C(2))
'J(Sia), C(5))
1(Si(e), C(5))
J(Si(a), C(Me))
1(Si(b,c), C(Me))
1(Si(b,c), C(Me))
23](Si(a,c), C(4))
%J(Si(b), C(4))

11(Si(a), C(2))
J(Si(b), C(2))
1(Si(a), C(5))
17(Si(c), C(5))
J(Si(a), C(Me))
1(Si(b,c), C(Me))
17(Si(b,c), C(Me))
J(Sib,c), C(Me))
'J(Si(b,c), C(Me))
2J(Si(a,0), C(4))
3J(Si(b), C(4))

60.0
53.1
439
54
9.6

65.4
64.5
53.2
479
51.2

52

42.7
48.9
47.5
52.1
51.6
11.0

9.1

43.7
494
46.7
51.6
51.3
11.2

8.6

459
63.0
50.7
62.7
48.0
51.3
51.3

7.7
12.4

45.7
64.2
50.7
62.6
47.3
51.6
51.6
51.4
51.4

7.9
12.3

182

204

203

203

185

185
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Me 7(Si, C(2)) 59.0 99
5 'T(Si, C(5)) 54.8
ald \SiMez 11(Si, C(Me)) 49.9
3:2/ 17(Si, C(Me)) 48.6
Me 2J(Si, CG3)) 7.0
Me _Me 1J(Si, C(5)) 65.3 194
Me . g7 1(Si, C(Me)) 482
)%( SN5—Me
All /{
B
Al All
— 1(Si(a), C(2)) 61.4 207
Me,Si(b)_ ~*~g 'J(Si(b), C(2) 49.7
i 'J(Si(b), C5) 51.8
Me,Si(a)—H 'T(Si(a), C(Me)) 51.0
'T(Si(b), C(Me)) 482
23[(Si, C(4)) 12.0
231(Si, C(4)) 6.4
/5—4\ 11(Si(a), C(2)) 67.8 207
Me;,Si(b)_ ~*~g 'J(Si(b), C(2)) 475
i 'J(Sib), C(5)) 51.9
Me,Si(a)—Br 'J(Si(a), C(Me)) 55.3
'J(Si(b), C(Me)) 49.0
23(Si, C(4)) 13.6
23](Si, C(4)) 55
— 'J(Si(a), C(2)) 65.7 207
Ph,Si(b) _3— 1(Si(b), C(2)) 45.2
P (Sicb), C(5) 540
Me,Si(a)—H 'J(Si(a), C(Me)) 51.1
1(Si(b), C(Ph)) 65.6
23[(Si, C(4)) 11.8
231(Si, C(4)) 10.1
Table B3.7. Silacyclohexa-2-enes
S\ 'J(Si, CC=)) 519 183
—SiMe; 1J(Si, C(CH,)) 50.4
AlLB  SiMe, 1](5@, C(Me)) 503
J(Si, C(Me)) 496
11(Si, C(C=)) 51.9 184
1J(Si, C(C=)) 51.9
'J(Si(a), C(CH,)) 50.4
31(Si, C(4)) 12.6
3(Si, C(4)) 11.0
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Table B3.7 (Continued)

4 \
___ Si(a)iPr,

AlLB  Si(b)Me,

4 .
___ Si(a)(H)Me

All,B Si(b)Me;

5
6/ \4

| |
Me,Sib)s =g

| i
Me,Si(a)—H

4 ‘.
__Si(@H;

AllLB  Si(B)Me,

H
Et\B/N\N/Me

|
Etj\(&Mez
Me

Me

]
N
Et~g~ \I?JH

Et X _-SiMe,
Me

H
N
Et~g~ \N/Ph

|
Etj\/&Mez

Me

1(si, C(C=))
17(si, C(C=))
'J(Si(a), C(iPr))
'J(Si(a), C(CH,))
11(Si(b), C(Me))
3(Si, C(4))

31(si, C(4))

11(si, C(C=))
1(si, C(C=))
1J(Si(a), C(CH,))
11(Si(a), C(Me))
'J(Si(b), C(Me))
31(si, C4))

3(Si, C(4))

11(Si(a), C(2))
(Si(b), C(2))
J(Si(b), C(6))
J(Si(a), C(Me))
J(Si(b), C(Me))
247(Si, C(5))
3(Si, C(4))
3J(Si, C(4))

11(Si, C(C=))
11(Si, C(C=))
17(Si(a), C(CH,))
11(Si(b), C(Me))
31(si, C(4))

3(Si, C(4))

1(si, C(C=))
1(Si, C(Me))

1(Si, C(Me))

(si, c(C=))
11(Si, C(Me))

52.0
489
51.0
47.7
46.3
10.5
10.5

57.6
49.4
50.2
50.2
49.8
12.3

9.9

57.0
53.1
51.2
49.2
50.4

11.6
9.8

58.2
49.1
50.2
50.7
12.7

9.7

72.1
56.6

56.6

74.5
57.4

184

184

207

184

186

186

186



Table B3.7 (Continued)
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SO 'J(si, C(C=)) 70.4 172
E - SMe; 1(Si, C(Me)) 61.0
oA Me
Et
6/ N 'J(Si(b), C(Ph)) 67.1 207
'(Si, C(2)) 58.6
PRSI, /3\5 17(Si, C(2)) 56.7
Mezs.(a) H 1J(s§<b>, «() 52.6
J(Si(a), C(Me)) 50.0
2J(Si, C(5)) <3
?J(Si(b), C(Ph)) 3.8
*J(Si(b), C(Ph)) 4.9
*(Si, C(4)) 11.7
3(Si, C(4)) 9.6
Table B3.8. Silacyclohepta-2-enes and disilacycloheptadienes
™ 1J(Si, C(C=)) 63.7 61
AIB_  SiMe, 'J(Si, C(CH,)) 51.3
pamt 1J(Si, C(Me)) 50.1
Al nBu 3(Si, C(AIL) 7.2
™ 1J(Si, C(C=)) 615 61
AIB__ SiMe, 'J(Si, C(CHy)) 51.3
P 1(Si, C(Me)) 515
Al Ph %(Si, C(AID) 6.7
Y J(Si(a), C(Me)) 50.2 183
AllE : Si(a)Me, 'J(Si(b), C(Me)) 49.7
All  Si(b)Mes
™ 1J(Si, C(C=)) 64.4 61
AlIB.  Si(H)Me 'J(Si, C(CH,) 51.1
pamt 17(Si, C(Me)) 494
Al nBu 3(Si, C(AID) 10.3
i 'J(Si, C(C=)) 51.9 183
AlIB _ si(a)Me, 'J(Si, C(CH,)) 49.8
A|,>_< . 'J(Si(a), C(Me)) 49.7
Si(b)(H)Me, 1(Si(a), C(Me)) 50.6
1(si, C(C=)) 55.0 184
AlIB — si(a)(H)Me 'J(Si, C(C=)) 50.7
. 'J(Si(a), C(CHy)) 50.0
Al Sib)Mes 1(Si(a), C(Me)) 49.7
'J(Si(b), C(Me)) 50.4
3J(Si, C(AID) 12.1
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Table B3.8 (Continued )

AlIB, _ si(a)H,
Al Si(b)Meg

AllB, __ si(a)Ph,
Al Si(b)Me;

AlIB — Si(a)Ph,
Al Si(b)(H)Ph,

1(si, C(C=))
17(si, C(C=))
1(Si(a), C(CH,))
1(Si(b), C(Me))
3J(Si, C(AIL)

1J(si, C(C=))
1(si, C(C=))
'J(Si(a), C(CHy)
'J(Si(b), C(Me))
31(Si, C(AID)

1J(Si, C(Ph))
1J(Si, C(Ph))
1(si, C(C=))
1(Si(a), C(CH,))
31(Si, C(AID)

'J(si, C3, 7))
11(Si, C(Me))
2J(Si, C@3, 7))

11(si, C@3, 7))
11(Si, C(Me))
11(Si, C(Me))
2J(Si, C@3, 7))

11(Si, C(Me))

1(si, CG3, 7))
11(Si, C(Me))
?[(Si, C(3, 7))

1(Si, C@3, 7))
11(Si, C(Me))
11(Si, C(Me))
2J(Si, C(3, 7))

54.7
49.1
50.2
50.9
10.1

54.6
52.7
52.2
50.8
10.9

54.4
54.0
66.3
52.9
10.3

62.3
43.2
6.0

61.6
43.5
43.5

6.0

43.4

60.2
43.5
6.0

59.6
43.5
43.0

6.0

184

184

184

208

208

171

208

208



Table B3.8 (Continued)
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Me oh 'J(Si, C@, 7)) 60.4 208
/7>( J(Si, C(Me)) 435
Me,Si Sl 2J(Si, C@3, 7)) 6.0
Me,Si _—
Més/LPh
Table B3.9. Bi-cycles
Me  wme 1](51, C(m) 62.0 100
H o, —~Et J(Si, C(4) 66.4
~ s 2J(Si, C(2)) 9.0
— 27/
e J(Si, C3) 8.0
Me Me
Me  Me J(si, C(1)) 61.0 100
/ 1 .
Et,B sy Et J(Si, C(4)) 65.5
T s :T\ 2J(Si, C3)) 10.0
Et S \:IL/ BEtz
Me Me
e B
\4 7 .
BN ST (Si(b), C(1) 402
e/ Y= (si(0), C(4) 46.6
Me;Si(c) é )M PEL >’J(Si, C(3)) 1.2
: I(B)Mes 231(si, C(3)) 7.2
Et,B \”/N Me '1(Si, C(Me)) 54.0 188
= Y4
BU  Me,Si /N\)
Et,B S 'J(si, C(C=)) 67.3 188,189
/:< U 'J(Si, C(Me)) 53.7
tBu .~N
Me,Si
Et,B s 'J(si, C(C=)) 68.2 189
/:< T 1J(Si, C(Me)) 533
o g N J(si, C(C=) 45
2 Me
Me,Si _ 'J(si, C(C=)) 77.1 201
Me— 7 1(Si, C(Me)) 525
E?\s 1(Si, C(Me)) 51.5
Et Et
Me,Si _ 'J(Si, C(Me)) 52.1 201
AN 7 1(Si, C(Me)) 52.1
M N8
e TS

Et Et
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Table B3.9 (Continued)

Me _Me
N

S'/

i

/\2/ N5—Bu

Me,N \§ 4/

e, A4
\BEtZ Et

Me_ _/Me NMe,

Si

2/ \5
[N
ek, E

Me,N

Me _Me
Si(a)
/\2\< 75/Si(b)Me3
Me,N 3—4
BEt, Et

“sita)  si(o)

1(a _Si
Measn‘5\/\ ” \Z/SnM83
Y

Ph BPh,

_Si(©)
Me,Si(a)—s7 \ﬁ I\(C)
4/3a\:{/

Et/ BEt,

»—Si(d)Mes

11(Si, C(2))
17(Si, C(5))
17(Si, C(Me))
21(Si, C(4))

11(si, C(2))
11(Si, C(5))
7(Si, C(Me))
21(Si, C(4))
2J(Si, C(NCH,))
3(Si, C(ED)

11(Si, C(2,5))
(S, C(2,5))
1J(Sia), C2, 5))
11(Si(a), C(Me))
J(Si(b), C(Me))

17(Si, C(2))
7(Si, C(5))
11(Si, C(Me))
2J(Si, C(4))

1(Si, C(2))
17(Si, C(5))
J(Si, C(Me))
2(Si, C(4))
2J(Si, C(NCH,))

11(si, C(2))
11(Si, C(5))
11(Si, C(6a))
11(Si, C(6a))
J(Si, C(Me))
17(Si, C(Me))

11(Si, C(2))
17(Si, C(5))
1(Si, C(6a))
17(Si, C(6a))
J(Si(b), C(Me))

11(si, C(2))
17(Si, C(2))
17(Si, C(5))
17(Si, C(5))

62.6

69.7

49.2
<10

65.7
71.0
49.5
79
11.8
58

64.4
46.0
67.0
48.3
50.8

62.6

69.7

48.4
<10

66.3
71.8
49.6
<10
11.9

444
49.1
59.0
57.0
48.8
48.8

43.0
46.8
77.8
68.6
40.7

62.0
439
62.9
46.7

204

204

204

204

204

209

209

209
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Table B3.9 (Continued)

17(Si, C(6a)) 58.2
11(Si, C(6a)) 58.2
11(Si(b,c), C(Me)) 48.6
'J(Si(b,c), C(Me)) 48.6
11(Si(a,d), C(Me)) 51.5
11(Si(a,d), C(Me)) 50.5
"J(Si, C(4)) 9.6
Me_ Me Me o 'J(Si, C(2)) 60.9 209
)(b)\ . Si(c) 'Jisi, C)) 437
Me;Si(a)—s |Ta > —Si(d)Me; 1](Si, C5)) 60.9
\_sa [/ S, CG) 454
Ph/ \Bth l](Sll C(6a)) 574
J(Si, C(6a)) 57.4
'J(Si(a), C(Me)) 51.3
11(Si(d), C(Me)) 51.7
Me. MeMe o 1](51, C) 61.0 209
Sl(b)\ /SI(C) J(Si, C(2)) 421
Me,Si(a)—s7 i —sidMe, 'J(Si, C(5)) 59.9
\ Vi 1(Si, C(5)) 456

s 4/3a\

3 S 11/Q:
1 ~ D J(Si, C(6a)) 57.8
Q/ S B’@ 1J(Si, C(6a)) 56.6

B 1(Si(a), C(Me)) 517
17(Si(c), C(Me)) 492
'(Si(d), C(Me)) 52.1

Me Me Me e 'J(Si, C2)) 61.7 209
si), _Si(0) 11(si, C(2)) 428
Me;Si(a) —s” ” \Z/Si(d)Me3 'J(Si, C(5)) 61.0
\_aa_// 'J(Si, C(5) 47.0
T 1(Si, C(6a)) 58.6
Ph o Ph J(Si, C(6)) 56.8
231(Si, C(3a)) 11.2
23(Si, C(3a)) 9.8
23](Si, C(3a)) 7.7
"J(Si, C(4)) 9.8
"I(Si, C(4)) 39

Me. Al 'J(si, C(8)) 44.8 194
/ { 'J(Si, C(Me)) 486
17(Si, C(Me)) 482
I :L 3(Si, C4) 74

All

tBu A 'T(Si, C(8)) 66.5 194

17(Si, C(Me)) 49.3

17(Si, C(Me)) 493

I )\ 3J(Si, C(4) 6.8
Al
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Table B3.9 (Continued)

Htiu/ _<
ji )\All

Messl(c)\

Me28|(a)

Me3S|(b)/ ~ )\AII

Me3Si(c)\ All

@/
Me Sl(b)/ )\AII

17(Si, C(8))
7(Si, C(Me))
"J(Si, C(tBu))
3(Si, C(4))

11(si, C(5))

17(Si, C(8))

17(Si, C(8))
!J(Si(a), C(Me))
J(Si(a), C(Me))
1J(Si(b,c), C(Me))
1(Si(b,c), C(Me))
"J(Si, C(4))

17(Si, C(5))

11(si, C(8))
11(Si(a), C(Me))
1(Si(b,c), C(Me))
1(Si(b,c), C(Me))
"J(Si, C(4))

1(si, C(C=))
1(Si, C(Me))
2J(Si, C(Me))
3J(Si, C(EY))

(s, C(C=))
17(Si, C(Me))

11(Si, C(Me))
17(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

66.3
50.1
9.1
8.4

64.1
63.2
514
43.0
43.0
50.7
50.7

7.6

52.2
62.5
46.2
50.8
50.7

8.1

85.6
56.1
-9.5

7.0

86.6
56.1

52.7
49.6

52.3
514

194

194

194

107

107

201

201
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Table B3.10. Tri-cycles and tetra-cycle

227

Me Me Me
W sl AChL g /'V'e
| N/ \N |
B/ ™~ / \B
Et AICI E
“Et 2 g’ t
Me Me\ /Me Me
Me\sl( )-7 b)ea Si/(a)/Me
i(c -
\\ I\
Me3Sn—2\ 3a—3h . 5——Si(d)Me;
N, N7
| |
Et BEt,
tBu MeZSi\N
— |
N>
Et,B N
Me,Si
2 \S \
Me \ é
7S
Me .
Me % M sid)Me,
Si(c) /

Me-Si(b)-g~ 745\

4
Meﬁi(a)&)’ B\/<

All All

/
Me\s_l( ) Si(b) 1 /Me
i(c)-8 7a- SI(\&\)
s\éa_sé 5—Si(d)Mej
N/
| /B——S\

Et Et Et

17(Si, C(Me))

11(Si, C(2))
'J(Si, C(5))
11(Si, C(5))
1(Si, C(6a))
11(Si, C(6a))
11(Si, C(7a))
11(Si, C(7a))
'J(Si(a), C(Me))
17(Si(b), C(Me))
11(Si(c), C(Me))

17(Si, C(Me))

17(Si, C(Me))
11(Si, C(Me))

11(Si, C(5))

17(Si, C(8))

17(Si, C(8))
11(Si(a,b), C(C=))
'(Sia,b), C(C=))
11(Si(a,d), C(Me))
17(Si(a,d), C(Me))
'(Si(b,c), C(Me))
17(Si(b,c), C(Me))
1(Si(b,c), C(Me))
'(Si(b,c), C(Me))
"J(Si, C(4))

1(Si, C(2))
11(Si, C(6))
17(Si, C(6))
1(Si, C(7a))
11(Si, C(7a))
17(Si, C(8a))
17(Si, C(8a))
J(Si(a), C(Me))
(Si(a), C(Me))
'J(Si(b), C(Me))

57

49.0
61.6
425
57.0
57.0
57.3
56.5
49.1
50.0
50.0

56.2

51.4
52.8

63.5
55.1
52.0
61.3
49.0
52.0
51.2
51.2
50.3
48.5
48.5

8.8

49.7
53.1
53.1
56.9
42.6
59.9
56.1
51.7
50.0
50.0

186

206

188

201

194

206
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Table B3.10 (Continued)

'J(Si(b), C(Me)) 49.1
'T(Si(c), C(Me)) 50.0
'T(Si(c), C(Me)) 50.0
"J(Si, C(CH,(Et-C(5)))) 10.3
"J(Si, C(CH,(Et-C(5)))) 10.3
1(Si, C(C=)) 85.2 107
1 1(Si, C(Me)) 55.6
/N—N\
E,B_ SiMe,
Et Me
1(Si, C(C=)) 86.6 107
N 11(Si, C(Me)) 56.1
\
NN,
Et,B  SiMe,
Et Me
Me 11(Si, C(3,7)) 61.0 208
= 'J(Si, C(Me)) 436
Me,Si - 11(Si, C(Me)) 126
MesSi( ?J(si, C3,7)) 6.0
3
Me
@ 11(Si, C(Me)) 54.0 188
B NMe
_ U
BU  Me,si N
APPENDIX B4
Table B4.1. Silicon bonded to X =Y = Z fragment(s)
Me,Sn Si(a)Me; 'J(Si(a), C(C=)) 63.0 17
>—c— 1(Si(a), C(Me)) 52.1
Me;Sn B@ 1(Si(b), C(Me)) 51.0
Me;Si(b) H
MesSi H 'J(Si, C(1) 51.8 177
./1:2:3\4/S|Me3 1](31, C(4)) 333
Me,Si s 'J(Si, C(Me)) 524
Me,Si @ 1(Si, C(Me)) 516
"J(Si, C(2)) <2
"J(Si, C(3)) <2
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Table B4.1 (Continued )

Me;Sn SiMe,H 'J(si, C(C=)) 64.9 117
»=—C= 1(Si, C(Me)) 52.8
Me,Sn B 1(Si, C(Me)) 525
Bu H
Me3Sn SiMe,H '(Si, C(C=)) 64.3 17
>:C——f 17(Si, C(Me)) 52.8
Me3Sn B@ 1(Si, C(Me)) 52.0
tBu H
MesSn SiMe;H 1J(Si, C(C=)) 64.5 117
>=—c= 1(Si, C(Me)) 5.7
MeaSn ‘&B@ 1J(Si, C(Me)) 525
Ph H
Me,Sn Si(a)Me;H 'J(Si(a), C(C=)) 65.0 117
>—C— 1(Si(a), C(Me)) 524
Me;Sn ‘%B@ 1(Si(a), C(Me)) 52.0
Me,Si(b) H 1(Si(b), C(Me)) 51.1
(Me;Si(a)),C = C = N-Si(b)Me; 1(Si(a), C(C=)) 53.95 19
1J(Si(a), C(Me)) 53.30
?J(Si(a), C(C=)) 0.20
51(Si(a), C(Si(a)Me)) 0.62
3J(Si(b), C(C=)) 443
5](Si(a), C(Si(b)Me)) 0.32
Me 11(Si, ©) 56.5 210

N\
EN/B—N:S:N—S|Me3

Me
(Me;Si-N =S=N),B-NEt, (51, C) 59.1 210
(Me3Si-N=S5=N),SnnBu, 11(si, C) 57.8 211
(Me;Si-N =S =N),SntBu, 11(Si, C) 56.7 211
MeSi(N=S=NtBu)3 (51, ©) 61.0 211
MeSi(N =S=N-5iMe3); (s, ©) 58.0 211
1(Si, ©) 575
tBuSi(N =S =—N-SiMe3); (51, ©) 57.8 211
Si(N=S=N-SiMe3), (s, ©) 57.8 212

Me;Si-N=C=0 17(Si, C) 58.6 78
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APPENDIX C

Tables of silicon—carbon coupling constants in molecules containing Si(sp3)-
C(sp) bond.

Table Cl. One Si—-C=C fragment in molecule

Me;Si-C =CH (si, Cc(C=)) 81.47 98
11(Si, C(Me)) 56.28
2J(Si, C(C=)) 15.41
17(si, C=) —79.4 43
11(Si, C(Me)) _55.1
2J(Si-C=CQ) ~14.8
Me;Si-C = C-Me (si, C(C=)) 88.9 97
?J(Si, C(C=)) 17.6
(si, C(C=)) 85.75 98
1J(Si, C(Me)) 56.28
2J(Si, C(C=)) 15.74
1(si, C(C=)) 80.9 102
J(Si, C(Me)) 57.5
2J(si, C(C=)) 15.6
Me;Si-C=C-C=N (si, C(C=)) 68.10 98
J(Si, C(Me)) 57.27
?J(Si, C(C=)) 13.14
Me;Si-C=CCl 1(si, C(C=)) 84.0 97
2J(si, C(C=)) 17.1
Et;8i-C=CH 'T(Si, C(C=)) 78.7 97
2J(Si, C(C=)) 135
(si, C(C=)) 75.0 95
11(Si, C(Eb) 57.0
2J(si, C(C=)) 18.6
Me;Si-C = C-S-Me 151, C(C=)) 82.63 98
11(Si, C(Me)) 56.44
2J(si, C(C=)) 15.54
Me;Si-C = C-CH,Cl 17(Si, C(C=)) 80.77 98
11(Si, C(Me)) 56.53
2J(si, C(C=)) 15.42
Et;Si-C=C-Me (si, c(C=)) 85.2 97
2J(si, C(C=)) 15.5
Me;Si—-C = C~tBu (si, C(C=)) 88.2 97
2J(Si, C(C=)) 16.7
MesSi-C = C-CH,-NEt, 11(Si, C(C=)) 83.84 98
11(Si, C(Me)) 56.24
2J(Si, C(C=)) 15.75
Me;Si-C = C-CH,-O-Et (i, C(C=)) 80.57 98
11(Si, C(Me)) 56.41
2J(Si, C(C=)) 15.49
Me;Si-C = C-S-Et (i, C(C=)) 82.73 98
11(Si, C(Me)) 56.39

J(Si, C(C=)) 16.67
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Table C1 (Continued )

231

Me;Si-C = C-CF; (si, C(C=))
1J(Si, C(Me))

Et;Si-C =C-Et Y(si, c(C=))
2J(Si, C(C=))

Me;Si-C = C-Ph 1(si, C(C=))

1(Si, C(Me))
2J(si, C(=Q))
Me;Si—-C = C-NEt, (i, C(C=))
J(Si, C(Me))
2J(si, C(=Q))
Me;Si—-C=CBr (si, C(C=))
2J(Si, C(C=))
1(si, C(C=))
1J(Si, C(Me))
2J(Si, C(C=))

Et3Si-C = C—iPr si, Cc(C=))
2J(si, C(C=))
Me;Si-C =C-C¢Hi3 (si, c(C=))
2J(Si, C(C=))
Et;5i-C =C—fBu 1si, C(C=))
2J(Si, C(C=))
Me;Si—-C = C-GeMe; (si, Cc(C=))

1J(Si, C(Me))
2J(Si, C(=CQ))
Me;Si—-C=CI (si, C(C=))
2J(si, C(C=))
1(Si, C(C=))
11(Si, C(Me))
2J(Si, C(=0Q))
Me;Si—-C = C-CH,-GeMe; 1(si, C(C=))
11(Si, C(Me))
2J(Si, C(=CQ))
Me;Si—-C = C-GeEt, (i, C(C=))
11(Si, C(Me))
2J(si, C(C=))
Me;Si-C = C-SnMe, (i, C(C=))
1J(Si, C(Me))
2J(Si, C(=Q))
1(Si, C(C=))
J(Si, C(Me))
2J(si, C(C=))
1J(si, C(C=))
1J(Si, C(Me))
Me;Si—-C=C-C4F5 (si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
MesSi-C = C-C=C-SnMe; 17(Si, C(C=))
11(Si, C(Me))
2J(si, C(C=))

71.77
57.33
84.9
15.2
83.12
56.28
16.01
96.5
55.9
20.2
81.6
15.5
80.22
56.68
15.05
84.5
14.9
88.7
17.3
84.4
14.7
78.25
56.09
12.20
78.4
13.3
77.73
56.49
13.15
88.31
56.01
17.69
78.30
55.99
12.30
77.0
56.2
10.8
79.0
55.8
11.6
78.83
55.92
77.62
56.57
14.00
82.0
57.2
12.6

98

97

98

213

97

98

97

97

97

98

97

98

98

98

214

97

98

98

215
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Table C1 (Continued )

Me;Si—-C = C-S-CgFs5 1(si, C(C=))
11(Si, C(Me))
?J(Si, C(C=))

Me;Si—-C=C-SnCl, 11(Si, C(Me))
Me;Si-C = C-Sn(C=C-Me), Y(si, C(C=))
2J(Si, C(C=))
Me;Si-C = C-Sn{Bus 1(si, C(C=))
(Si, C(Me))
Me;Si-C = C-Sn(Me)(C = C—tBu), (si, C(C=))

11(Si, C(Me))
2J(si, C(C=))
Me;Si-C = C-Sn(C = C~tBu); 17(Si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
Me;Si-C = C-CH,-SntBug 1(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
Me;Si-C = C-SnBrs 1(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
MesSi(a)-C = C-CH,-SiMe; 11(Sia), C(C=))
11(Si(a), C(Me))
?J(Si(a), C(C=))
Si—H bond(s)

o 'J(si, C(C=))
Me,(H)Si :@OME 17(Si, C(Me))

2(si, C(C=))

Me,(H)Si—C = C-SnMes (si, C(C=))
11(Si, C(Me))

2(si, C(C=))

H,(Me)Si—-C=C-nBu (si, C(C=))
7(Si, C(Me))

2(si, C(C=))

H;Si-C=CH 1(si, ©)
2J(Si, Q)
H;5i-C =C-nBu 151, C(C=))
2J(Si, C(C=))
H;5i-C=C-Ph (si, Cc(C=))

2J(Si, C(C=))
3J(Si, C(Ph))

Si—-N bond

Et,N-SiMe,~C = C-Me 1(si, C(C=))
(Si, C(Me))
2J(Si, C(C=))

Et,N—SiMe,—C=C—nBu 1(si, C(C=))
(S, C(Me))
2J(Si, C(C=))

78.50
56.70
14.61
57.2
73.9
11.2
78.66
55.79
76.9
56.6
11.3
74.8
56.2
10.8
90.80
55.91
18.02
66.6
57.0
9.3
89.54
56.06
17.86

87.0
56.0

16.9
79.8
55.7
12.0
92.0
56.2
17.7
75.0
18.6
97.9
19.2
94.9
18.1
115

93.5
64.0
—18.7
93.5
64.0
-17.7

98

216,176

217

98

217

217

98

176

98

61

182

61

95

61

61

107

107
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Si-halogen, optional Si—-N and Si—-H bond(s)

Me,(CDSi-C=C-Bu

Me,(CDSi-C=C-tBu

Me,(C1)Si-C = C-CH,~NMe,

Me,(C1)Si-C = C—iPent

Me,(CD)Si-C=C-Ph

Me(H)SiCl-C = C-nBu

Me(H)SiCl-C =C-Bu

Me(H)SiCl-C = C-CH,-NMe,

Cl,(H)Si-C =C-Bu
Cl3Si-C=C-nBu

HC=C-Si(a)Me,-N[Si(b)(Br)Me,|,

Si bonded to substituted vinyl(s)

tBu————SiMe, g,
BEt,
tBu——— SiMe2 tBu
—
o
Ph———-SiMe, Ph
All BAIl,

(si, C(C=))
17(Si, C(Me))
2J(Si, C(=0Q))
(si, C(C=))
1(Si, C(Me))
2J(Si, C(=C))
(si, C(C=))
J(Si, C(Me))
2J(Si, C(C=))
'J(si, C(C=))
17(Si, C(Me))
2J(Si, C(C=))
1(si, C(C=))
7(Si, C(Me))
2J(Si, C(C=))
1(si, C(C=))
17(Si, C(Me))
2J(Si, C(C=))
1(si, C(C=))
17(Si, C(Me))
2J(Si, C(C=))
1(si, C(C=))
17(Si, C(Me))
2J(Si, C(C=))
1J(si, C(C=))
2J(Si, C(C=))
1(Si, C(C=))
2J(si, C(C=))
11(Si(a), C(C=))
11(Si(a), C(Me))
J(Si(b), C(Me))
2J(Si, C(C=))

1J(si, C(C=))
1(si, C(C=))
J(Si, C(Me))

2J(si, C(C=))

1(Si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))

11(Si, C(C=))
1(si, C(C=))
J(Si, C(Me))

2J(Si, C(C=))

105.7
65.4
21.8

105.7
65.4
20.7

102.8
65.8
19.4

106.8
64.9
22.3

102.5
65.4
20.7

108.2
64.6
224

108.2
64.6
22.4

105.4
64.6
21.2

136.9
28.3

177.1
35.3
86.5
65.4
67.6
16.7

86.5
60.9
56.7
15.8

87.0
57.0
15.8

81.4
66.7
57.5
15.2

175,218

175

218

99,175

175

61

218

204,218

177

61

81

105

105

194
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Table C1 (Continued )

tBU————SiMe, Et 'J(Si, C(Me)) 53.4 175
SnMe, BEt,
Ph———SiMe, FEt 1(si, C(Me)) 53.4 175
SnMe, BEt,
Me 11(Si, C(C=)) 82.8 182
SiH Et 1J(Si, C(C=)) 62.5
J(Si, C(Me)) 54.6
MesSn BEt, 2J(Si, C(C=)) 15.0
3[(Si, C(Et) 14.0
Me (si, c(C=)) 83.9 194
Ph—=——SiH ph 17(Si, C(Me)) 577
— 2J(Si, C(C=)) 14.8
All BAIl, 2J(Si, C(AID) 8.1
MesSi(a)———S  Et I(Si(a), C(C=)) 86.0 178
1J(Si(b), C(C=)) 714
MesSi(b)  BEt, 'J(Si(a), C(Me)) 56.7
J(Si(b), C(Me)) 52.8
2J(si, C(C=)) 15.0
Table C2. Two Si—C=C fragments in molecule
(HC=Q),SiMe, 1si, C(C=)) 100.0 219
2J(si, C(C=)) 20.4
(Me-C=C),SiMe, 1(si, C(C=)) 98.6 99
1(Si, C(Me)) 62.5
11(Si, C(C=)) 98.8 102
11(Si, C(Me)) 62.2
2J(si, C(C=)) 19.8
3[(Si, C(Me)) 1.8
Bu-C(1) = C(2)-SiMe,—~C(4) = C(5)H 17(Si, C(2)) 101.9 175
17(Si, C(4)) 93.2
17(Si, C(Me)) 62.1
21(si, C(1)) 20.1
2J(Si, C(5)) 18.6
Bu—C(1) = C(2)-SiMe,~C(4) = C(5)H 17(Si, C(2)) 101.4 175
17(Si, C(4)) 93.2
7(Si, C(Me)) 62.7
21(si, C(1)) 19.1
2J(Si, C(5)) 18.5
iPent-C(1) = C(2)-SiMe,~C(4) = C(5)H 17(Si, C(2)) 101.9 175
11(Si, C(4)) 93.2
7(Si, C(Me)) 62.1
2J(Si, C(1)) 19.6
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Table C2 (Continued)
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Ph—C(1) =C(2)-SiMe,—C(4) =C(5)H

(BU—C = C)zsiMez

(tBu—C — C)zSiMEz

Bu-C(1) =C(2)-S5iMe,~C(4) = C(5)-CH,-NMe,

(MezN—CHz—C = C)QSiMEZ
(iPent-C = C),SiMe,

(Ph—C — C)zSiMEz

iPent-C(1) = C(2)-SiMe,-C(4) = C(5)-Ph
| — "N
M 62S| p—
2
MezSn—-C(1) = C(2)-SiMe,—C(4) = C(5)-Bu
Me;Sn—C(1) = C(2)-SiMe,—C(4) = C(5)-tBu

Me;Sn—C(1) = C(2)-SiMe,—C(4) = C(5)-iPent

2J(Si, C(5)) 185
17(Si, C(2)) 97.0
11(Si, C(4)) 94.8
17(Si, C(Me)) 62.1
2J(Si, C(1)) 19.6
2J(Si, C(5)) 17.4
(si, C(C=)) 100.3
J(Si, C(Me)) 61.0
2J(Si, C(C=)) 20.2
(si, C(C=)) 99.2
1J(Si, C(Me)) 62.1
2J(Si, C(C=)) 19.1
1y(si, C2)) 100.2
17(Si, C(4)) 9.5
1(Si, C(Me)) 62.1
2J(Si, C(1)) 19.5
2J(Si, C(5)) 18.9
(i, C(C=)) 98.3
11(Si, C(Me)) 61.9
2J(Si, C(C=)) 19.5
1J(si, C(C=)) 99.2
1J(Si, C(Me)) 61.6
2J(Si, C(C=)) 19.5
17si, C(C=)) 97.0
11(Si, C(Me)) 61.9
17(Si, C(2)) 100.2
11(Si, C(4)) 96.5
17(Si, C(Me)) 62.1
2J(Si, C(1)) 20.2
2J(si, C(5)) 19.6
1(si, C(C=)) 95.5
11(Si, C(Me)) 62.6
2J(Si, C(C=)) 20.1
11(si, C(2)) 88.2
17(Si, C(4)) 100.3
17(Si, C(Me)) 61.6
2J(Si, C(1)) 13.1
2J(Si, C(5)) 19.6
11(si, C(2)) 89.4
11(Si, C(4)) 99.7
7(Si, C(Me)) 61.6
2[(si, C(1)) 13.6
2J(Si, C(5)) 19.1
17(Si, C(2)) 89.4
17(Si, C(4)) 100.3
J(Si, C(Me)) 62.1

21(Si, C(1)) 13.0

175

99,218

99

204

204,218

99

99

99

218

175

175

175
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Table C2 (Continued)

MesSn—C(1) = C(2)-SiMe,~C(4) = C(5)-Ph

Me;Si-C = C-SiMe;

Me;Si-C =C-C=C-5iMe;

Et,N-5i(a)Me,—C(1) = C(2)-Si(b)Me;

(MesSi-C =0),5

Et;Si-C = C-SiEt;

(Me;Si-C =C),Sn(Me),

(Me;Si—-C =C),5nCl,
(Me5Si-C =C),Sn(C=C-Me),

(Me3Si—-C = C),Sn(Me)(C =C-tBu)

(Me3Si—C = C)ZSDBI‘Z

(Me3Si-C = C),Sn(C = C~tBu),

trans-(EtzP),Pt(C = C-SiMej3),

2J(Si, C(5))
17(Si, C(2))
11(Si, C(4))
17(Si, C(Me))
2J(Si, C(1))
2J(Si, C(5))
(si, C(C=))
2J(Si, Q)

1(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
1J(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
1J(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
1J(Si(a), C(1))
'J(Si(b), C(2))

'T(Si(a), C(Me))
1(Si(b), C(Me))

2J(Si(a), C(2))
2J(Si(b), C(1))
11(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
1(Si, C(C=))
17(Si, C(EY))
2J(Si, C(=C))
1(Si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
11(Si, C(Me))
2j(si, C=)
(si, C(C=))
2J(Si, C(C=))
(si, C(C=))
1(Si, C(Me))
2J(Si, C(C=))
si, C(C=))
1J(Si, C(Me))
2J(Si, C(C=))
(i, C(C=))
7(Si, C(Me))
2J(Si, C(C=))
(i, C=)
1J(Si, C(Me))
2J(Si-C=)

19.6
89.4
97.3
62.1
13.6
18.5
74.8
115
79.0
56.1
13.6
76.75
56.13
12.37
80.1
57.2
14.3
77.8
82.7
64.9
57.1
-12.8
—13.8
79.7
56.7
14.2
74.8
56.0
11.5
76.3
56.2
11.2
56.7
9.8
73.9
10.4
74.5
56.6
11.3
68.6
56.7
9.9
74.3
56.2
11.7
-90.0
—54.6
—14.3

175

95

214

98

215

107

178

95

217

176,216

217

217

176

217

43



Applications of Silicon—Carbon Coupling Constants

Table C2 (Continued)
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cis-(PhyP—~CH,~CH,~PPh,)Pt(C = C-SiMes),

Si—H bond(s)
(Bu-C=C),Si(H)Me

Me,N-CH,—C(1) = C(2)-Si(H)Me-C(4) = C(5)-Bu

(Me,N-CH,—-C =O),Si(H)Me

(EtN-C=C),Si(H)Me

Me;Sn—C(1) =C(2)-Si(H)Me-C(4) =C(5)H

Me;Si(a)-C = C-Si(b)(H)Me,

Me,(H)Si(a)-C = C-Me,Si(b)-CH,-CH=—CH,

Me;Si(a)-C = C-Si(b)(H)iPr,

Me,(H)Si-C = C-Si(H)Me,

Mej;Si(a)-C=C-Si(b)(Me)H,

(Me,(H)Si-C =C),5nMe,

11(Si, C(Me))

1J(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
11(si, C(2))

11(Si, C(4))

7(Si, C(Me))
21(si, C(1))

2J(Si, C(5))

(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))
17(Si, C(2))

11(Si, C(4))

7(Si, C(Me))
2J(Si, C(1))

2J(Si, C(5))
1(Si(a), C(C=))
(Si(b), C(C=))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
(Si(a), C(C=))
1(Si(b), C(C=))
1J(Si(b), C(CH,))
J(Si(a), C(Me))
1(Si(b), C(Me))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
3J(Si(b), C(C=))
1(Si(a), C(C=))
(Si(b), C(C=))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))
1(Si(a), C(C=))
11(Si(b), C(C=))
'J(Si(a), C(Me))
J(Si(b), C(Me))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
(si, C(C=))
11(Si, C(Me))
2J(si, C(C=))

—55.0

102.2
61.6
20.2

101.6

102.2
61.4
19.4
20.0

102.5
62.1
19.4

110.0
61.0
244
92.9
96.2
61.7
14.2
19.1
79.3
76.2
12.6
12.2
77.0
84.9
53.6
56.1
55.8
12.6
14.0

5.6
75.1
76.3
14.5
11.9
78.8
56.1
12.6
82.1
75.1
56.3
56.1
13.2
12.4
79.8
50.5
13.2

43

204,218

204

204,218

213

182

184

207

184

209

184

182
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Table C2 (Continued)

Me;Si(a)-C = C-Si(b)Hj3

Si-Si bond

(HC(1) =C(2)-SiMe,),

(Me—C = C—SiMEQ)Z

(MEZN—CHz—C = C—SiMeZ)z

Me,Si ——

Me,Si ———

Si—N bond(s)

Mej;Si(a)-C=C-Si(b)Me,-NEt,

[ Me;Si(a)

Si-halogen bond(s) with possible Si—-N and Si—H bond(s)
Me;Si(a)-C =C-Si(b)(C)Me,

[ Me;Si(a),
N Sn%: Si(b)Me
| tBu’z|; ;Iz

@B/N SN—[ESi(b)Me
L 2

[(Me;Si(a)),N],Sn(C = C-Si(b)Me3)»

1(Si(a), C(C=))
(Sib), C(C=))
'J(Si(a), C(Me))

?[(Si(a), C(C=))
2J(Si(b), C(C=))

11(Si, C(2))
1J(Si, C(Me))
2J(Si, C(1))
21(Si, C(2))
2J(Si, C(Me))
1J(si, C(C=))
2J(Si, C(C=))
1J(Si, C(Me))
1J(si, C(C=))
11(Si, C(Me))
2J(Si, C(C=))

1J(si, C(C=))
11(Si, C(Me))
?J(Si, C(C=))

1(Si(a), C(C=))
1(Si(b), C(C=))
1(Si(a), C(Me))
J(Si(b), C(Me))
2J(Si(a), C(C=))
2J(Si(b), C(C=))

(Si(b), C(C=))
11(Si(a), C)
J(Si(b), C(Me))
2J(Si(b), C(C=))

11(Si(b), C(C=))
(Si(a), C)
1(Si(b), C(Me))
?J(Si(b), C(C=))

1(Si(b), C(C=))
11(Sia), C)
J(Si(b), C(Me))
2J(Si(b), C(C=))

(Si(a), C(C=))
1(Si(b), C(C=))
!1(Si(a), C(Me))
J(Si(b), C(Me))

87.0
75.1
56.3
13.8
12.2

79.0
59.4
15.2

7.4

5.8
79.0
15.2
49.4
76.6
49.4
13.7

74.0
50.5
13.7

82.7
77.8
57.1
64.9
13.8
12.8

75.2
55.8
56.1
10.6

74.5
56.3
56.3
10.8

73.9
55.8
56.0
10.4

73.4
94.9
64.6
56.7

184

208

218

218

218

107

133

133

133,193

175
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Table C2 (Continued)

?J(Sia), C(C=))  16.6
[(Si(b), C(C=)) 127

Me;Si(a)-C = C-Si(b)(H)MeCl 11(Si(a), C(C=)) 77 184
i), CC=)) 969
'J(Si(a), C(Me)) 56.3

1(Si(b), C(Me)) 64.6
(Sia), C(C=)) 166
[(Si(b), C(C=)) 116

Mey(C1)Si-C = C-Si(Cl)Me, (si, C(C=)) 89.6 209
7(Si, C(Me)) 64.1
2J(Si, C(C=)) 14.8
Cly(H)Si(a)-C = C-Si(b)Mes I(Si(a), C(C=)) 1229 177
Si(b), C(C=))  69.3
7(Si, C(Me)) 56.9

?[Si(a), C(C=))  21.8
JSib), C(C=))  11.1

Me;Si(a)-C = C-Si(b)Cl, ISi(a), C(C=))  68.2 184
Si(b), C(C=))  160.7
1J(Si(a), C(Me)) 56.7

J(Sia), C(C=)) 267
2[Si(b), C(C=)) 112
(HC = C-Si(a)Me,),N-Si(b)(Br)Me, (Si(a), C(C=)) 86.8 81
'J(Si(a), C(Me)) 64.7
1(Si(b), C(Me)) 67.9
?J(Sia), C(C=)) 167

Me,(Br)Si-C = C-Si(Br)Me, 1(si, C(C=)) 91.6 209
1J(Si, C(Me)) 66.0
2J(Si, C(C=)) 14.8

Si bonded to (substituted) vinyl(s)
Me,(H)Si(a)-C = C-Si(b)Me,~CH=—CH, 1J(Si(a), C(C=)) 78.6 207
1(Si(b), C(C=)) 79.0
1(Si(b), C(C=)) 71.7
'J(Si(a), C(Me)) 56.1
'T(Si(b), C(Me)) 57.5
2J(Si(a), C(C=)) 12.6
2J(Si(b), C(C=)) 12.9

*1(Si(b), C(Me)) 7.4

(MesSi—-C=C),C=CBr, 1(si, C(C=) 79.9 179
11(Si, C(Me) 56.6
?J(Si, C(C=) 15.1

MesSi ————SiMe, Et 1J(Si, C(Me)) 53.5 175

Me3Sn BEt,

Et_  Si(b)Mes '(Si(a), C(C=) 75.2 192
Er Oy, Sitb), C(C=) 600
= sn —[:_Si(a)Megl 1(Si(a), C(Me) 55.6
5 2 'T(Si(b), C(Me) 50.1
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Table C2 (Continued)

iPr__ Si(b)Me, !J(Si(a), C(C=) 785 192
iPr Py 1](Si(b), c(Cc=) 57.8
Sn —[—: Si(a)Me J(Si(a), C(Me) 56.1
v 2 3] 2 'J(Si(b), C(Me) 52.3
2J(Si(a), C(C=) 11.4
Table C3. More than two Si—-C=C fragments in molecule
(MeC=C);SiMe 11(Si, C(C=)) 112.2 102
J(Si, C(Me)) 68.9
2J(si, C(C=)) 2.8
3[(Si, C(Me)) 1.9
HC(1) = C(2)-Si(a)Me,~C(4) = C(5)-Si(b)Me; 11(Si(a), C(2)) 93.9 175
1J(Si(a), C(4)) 91.0
1J(Si(b), C(5)) 79.2
!J(Si(a), C(Me)) 62.6
7(Si(b), C(Me)) 56.7
2J(Si(a), C(1)) 18.6
2J(Si(a), C(5)) 12.7
2J(Si(b), C(4)) 12.7
Me,N-CH,~C(1) = C(2)-SiMe,~C(4) = C(5)-SiMe; 11(Si, C(2)) 98.3 204
17(Si, C(4)) 89.5
7(Si, C(5)) 76.0
11(Si, C(Me)) 62.1
2J(Si, C(1)) 18.8
2J(Si, C(5)) 14.8
2J(Si, C(4)) 124
MezSn—C(1) = C(2)-Si(a)Me,—C(4) =C(5)-Si(b)Me;  YJ(Si(a), C(2)) 90.5 175
'J(Si(a), C(4)) 89.0
'J(Si(b), C(5)) 77.3
'J(Si(a), C(Me)) 61.4
J(Si(b), C(Me)) 56.2
2J(Si(a), C(1)) 13.7
2J(Si(a), C(5)) 14.7
2[(Si(b), C(4)) 122
(HC=C-5iMe,);CH si, C(C=)) 80.3 81
1J(Si, C(CH)) 42,0
17(Si, C(Me)) 58.0
2J(Si, C(C=)) 15.3
(Me;Si-C=C)35nMe (si, c(C=)) 74.5 217
17(Si, C(Me)) 56.6
2J(Si, C(C=)) 10.0
(Me3Si-C=C)35nCl1 (si, Cc(C=)) 70.5 176,216
7(Si, C(Me)) 56.5
2J(Si, C(C=)) 10.3
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Table C3 (Continued)

241

(Me3Si—-C =C)35n-C=C-Me

(Me3Si—C=C)35nBr

(Me;Si-C =C)35Sn-C=C-tBu

Me-C=0Q),Si

Me Me

/ \ _
1=2-Sj Si—7=8

I\I/Ie
Me
.Sn.
1$2\l_/425 SN IE.
?l Me :
Me Me
Me Me

Me3Sn-1=2-gj Si—7=8-SnMej
SN N\
Me “4=> Me

1(si, C(C=)) 73.1

2J(Si, C(C=)) 10.4
Y(si, c(C=)) 70.7
17(Si, C(Me)) 56.3
2J(Si, C(C=)) 9.8
1(si, C(C=)) 73.4
7(Si, C(Me)) 56.2
2J(Si, C(C=)) 10.8
(s, ©) 117.8
2J(Si, C) 26.5
3J(Si, C(Me)) 15
1(Si, ©) 127.0
2J(Si, C) 26.5
3J(Si, C(Me)) 1.5
1(Si, C2,7)) 94.3
11(Si, C(4,5)) 88.8
1J(Si, C(Me)) 62.2
2J(Si, C(1,8)) 18.3
2J(Si, C(4,5)) 15.0
1J(si, C(2,10)) 94.3
11(Si, C(4,8)) 88.6
J(Si, C(Me)) 62.0
2J(Si, C(1,11)) 19.7
2J(si, C(5,7)) 13.8
1(si, C2,7)) 90.3
11(Si, C(4,5)) 88.0
1(Si, C(Me)) 614
2J(Si, C(1,8)) 14.0
2J(Si, C(4,5)) 14.6
'J(si, C(2,10)) 94.3
17(Si, C(4,8)) 88.5
17(Si, C(Me)) 62.2
2J(Si, C(1,11)) 20.7
2J(Si, C(5,7)) 13.6
17(Si, C(2,10)) 99.9
1J(Si, C(4,8)) 88.0
11(Si, C(Me)) 62.1
2J(si, C(1,11)) 18.9
2J(Si, C(5,7)) 13.0
1J(Si, C(2,10)) 100.3
1(Si, C(4,8)) 87.7
1(Si, C(Me)) 62.2
2J(Si, C(1,11)) 20.2

2[(Si, C(5,7)) 136

217

176

217

102

220

209

206

209

206

206

206
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Table C3 (Continued)

I\]/Ie
Ph_ vie S Me
NS | ~=5 n7\ /11'Ph
2 =1 ~
~ \Si/4/ Me §8\Sli/l Z

| I
Me Me

(Me;Si(a)-C=C),Si(b)Me,

(Me5Si—-C =0C)45n

(Me;Si-C=0C),Pb

[(Bu-C(1) =C(2))5Sil»

17(Si, C(2,10)) 97.1
1J(Si, C(4,8)) 87.6
1(Si, C(Me)) 62.1
2J(si, C(1,11)) 19.5
2J(Si, C(5,7)) 13.6

1Si(a), C(C=)) 763
(Si(b), C(C=))  90.0
'T(Si(a), C(Me)) 56.7
(Si(b), C(Me)) 61.6
J(Si(a), C(C=)) 127
J(Si(b), C(C=)) 152
1Si(a), C(C=)) 768
(Si(b), C(C=))  90.0
1(Si, C(Me)) 61.1
YSi@), C(C=)) 122
YSib), C(C=)) 152

11(Si, C(Me)) 56.1
2J(Si, C) 9.8
'J(si, C(C=)) 73.1
1(Si, C(Me)) 56.1
2(Si, C) 9.8
1(si, C(C=)) 73.1
2J(si, C(C=)) 10.4
1(si, C(C=)) 72.7
J(Si, C(Me)) 56.2
17(Si, C(2)) 108.0
2J(si, C(1)) 21.3
2J(Si, C(2)) 9.4
3(Si, C(1)) 3.0
"J(Si, C(Bw)) 1.9
'J(Si, C(2,10)) 9.3
1J(Si, C(4,8)) 89.3
11(Si, C(5,7)) 88.8
J(Si, C(Me)) 62.8
17(Si, C(Me)) 62.0
J(Si, C(Me)) 62.0
2J(si, C(1,11)) 19.0
2J(Si, C(4,8)) 15.0
2J(Si, C(5,7)) 15.0
'J(Si, C(2,10)) 89.1
17(Si, C(4,8)) 87.3
(Si, C(5,7)) 89.0
1(Si, C(Me)) 62.0
1J(Si, C(Me)) 615
(Si, C(Me)) 61.5
2J(si, C(1,11)) 134
2J(Si, C(4,8)) 15.0

?J(Si, C(5,7)) 145

206

99

204

192

216,221

217

217

220

206

206
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Table C3 (Continued)

243

Me Me
Me35i(a)—1E2-/Si{b)_ /Si(\b)-7E8-Si(a)Me3
Me “4=5 Me

I\I/Ie
MesSi~, .. Me _.sSn,  Me _SiMe;
QZ\S{iﬂé I\Ille Qs\éi/lo/
|
Me Me
I\Ille
MesSi—, . 1© _.Si,_ Me _
3 \1Q2\ 4= IS
L
Me Me
I\I/Ie
. Me .

N _5-Si7 _ 11 SnMe
MesSi SNV RSN s
?| Me SII
Me Me

11(Si, C(1,8))
11(Si, C(2,7))
11(Si, C(4,5))

'1(Si(a), C(Me))
'1(Si(b), C(Me))

2J(Si, C(1,8))
2J(si, C2,7))
2J(Si, C(4,5))

17(si, C(1,11))
1J(Si, C(2,10))
11(Si, C(4,8))

11(Si, C(Me))
2J(si, C(1,11))
2[(Si, C(2,10))
2J(Si, C(5,7))

17(Si, C(1))
1(Si, C(2))
11(Si, C(4))
17(Si, C(5))
1(Si, C(7))
17(Si, C(8))
17(Si, C(10))
17(Si, C(Me))
11(Si, C(Me))
J(Si, C(Me))
21(si, C(1))
21(Si, C(2))
2J(Si, C(4))
2J(Si, C(5))
21(Si, C(7))
2J(Si, C(8))
2J(si, C(11))

11(si, C(1))
1(Si, C(2))
11(Si, C(4))
1(si, C(5))
1(Si, C(7))
17(Si, C(8))
17(Si, C(10))
7(Si, C(Me))
11(Si, C(Me))
J(Si, C(Me))
2J(Si, C(1))
2[(Si, C(2))
21(Si, C(4))
2J(Si, C(5))
2[(Si, C(7))
21(Si, C(8))
2J(Si, C(11))

75.8
90.6
88.6
56.1
61.0
14.8
11.8
14.8

78.0
89.8
88.5
61.4
13.9
12.2
13.6

75.3
89.0
88.0
88.7
88.0
88.5
93.7
82.0
62.0
61.5
15.0
12.5
14.0
14.8
15.0
14.8
18.3

76.0
90.4
88.8
88.9
89.6
87.9
90.6
63.0
62.0
61.8
15.5
12.3
14.8
15.0
14.7
15.0
13.7

209

206

206

206



244 Vratislav Blechta

Table C3 (Continued)

[(MesSi—C(1) = C(2))5Sil, 7(si, C(1)) 75.0 220
17(Si, C(2)) 100.0
17(Si, C(Me)) 56.6
2J(si, C(2)) 12.1
2J(Si, C(2)) 8.2
231(Si, C(1)) 16.3
Si—N and Si—H bond(s)
Me,N-CH,~C(1) = C(2)-Si(H)Me-C(4) = C(5)-SiMe;  'J(Si, C(2)) 101.2 204
11(Si, C(4)) 926
11(Si, C(5)) 75.9
1(Si, C(Me)) 61.6
21(si, C(1)) 19.6
2J(Si, C(4)) 126
2J(Si, C(5)) 15.3
(Me;Si(a)-C = C),Si(b)(H)Me (Sia), C(C=)) 753 204

i), C(C=)) 924

J(Si(a), C(C=))  12.3

(Si(b), C(C=)) 154
(Me,(H)Si(a)-C = C),Si(b)Me, YSi(), C(C=)) 895 185

Sib), C(C=)) 779

7(Si(a), C(Me)) 61.8

'T(Si(b), C(Me)) 56.2

?J(Si(a), C(C=)) 152

2JSi(b), C(C=)) 124
(Me,(H)Si(b)-C = C),Si(a)(H)Me YSi@), C(C=)) 927 185

Sib), C(C=)) 776

J(Si(a), C(Me)) 57.0

'T(Si(b), C(Me)) 61.6

?J(Si(a), C(C=))  15.8

2JSi(b), C(C=)) 123

Me;Si(a) 'JSi(b), C(C=)) 747 133
/N—SnAI:%Si(b)Me;I 7(Si(a), C) 55.8
tBu 3 Si(b), CMe)) 562
J(Si(b), C(C=))  10.9

(HC=C-SiMe,);N Y(si, c(Cc=)) 87.1 81
1J(Si, C(Me)) 66.4
2J(Si, C(C=)) 16.7

Table C4. Silicon(s) bonded to or within ring structure(s)

Et_ Me,Si(b) 'J(Sia), C(C=)) 76.7 192

Et/B: < Si(d)Mes '1(Si(b), C(C=)) 62.1

N Ef _ _Et— 'J(Si(c), C(C=)) 62.7
= 1(Si(d), CC—) 62.7

= -
Me;Si(a) Si(c)Me, B\Et
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Table C4 (Continued)

245

iPr. Si(b)Me; J(Si(a), C(C=))
ipr~ = Si@Mes Sicb), CC=)
~iPr sio=x " J(Si(e), C(C=))
L NP YJ(Si(d), C(C=))
MesSi(@)”~ " sicMes Ao ?[(Si(a), C(C=))
Me Me J(Si, C(2))
p 1 .
Me,Si —— Si_,_—SiMe, Js1, C2)
S\ I
Ph B—py,
Ph
Me Me 'J(Si(a), C(Me))
N4
|\/|e35|(a)?i\z/snwe3
|
s S
1 B—\
L
()
1 .
ve Mo Me e J(Si, C)
'\I/le Jsn Si
i—2
Bu——— ?| \ , / Bu
Me
Et BEt,
Me Me 'J(si, C(2))
“l”eMgS/n\ea/\sr“"e 1J(Si, C(6a))
/
iPent———si—2 i
iPen I| \ [ / iPent
Me
Et BEt,
Et SiMe; 'J(si, C(C=))
N /-1, -SiMe, 'J(si, C(1)
/A \\ 1(si, C(2))
e N (i, C(4)

2J(Si, C(C=))
2J(si, C(1))

2[(Si, C(3))
. i 1(Si(o), C(C=
oo, O o e
N——Ti——Si(c)Mey RO 2
Si(a)Me J(Si(@), C(Me))
’ \\ 1(Si(b), C)
Si(c)Me, 'J(Si(c), C(Me))

?J(Si(0), C(C=))

78.5
57.8
65.4
63.2

7.6

61.7
439

55.4

72.0

71.7
60.0

83.9
50.9
77.8
46.7
11.0

5.8

6.1

73.7
55.0
55.0
56.3
55.7

9.1

192

209

209

206

206

222

131
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Table C4 (Continued)

Sl(a)Me2
[ —[—s|(b)Me3:|

Sl(a)Me2
2

[Sl(a)Mez

— Sl(b)Me
Si(a)Me, ]2

Me Me  Me Me
\/

22(f\(/7/7\\\

Me Me

/
e BEg

Me Me Me Me
| \/ |
Si Sn

A TN N
T St

4—3
/ \
Et BEt,

\/

Si N,
o | \5\< ///l -

Me Me

/
e BEg

Me Me Me Me
l

Me Me M
Me \/ ]e

\/ AN N
/ Me i / ,\l,|\iPent

iPent N/
4—3
/A
Et  BEt,
Me Me Me
Ie \/ I\I/Ie
|\5/ \2/1 N
Ph/Me \\ // M\Ph
/
e BEg

Me;Si(a)-C = C-Si(b)(H)Ph,

J(Si(b), C(C=))
1(Si(a), C(CH,))
11(Si(a), C(Me))
'1(Si(b), C(Me))
2J(Si(b), C(C=))

11(Si(b), C(IC=))
11(Si(a), C(CH,))
J(Si(a), C(Me))
1(Si(b), C(Me))
2J(Si(b), C(C=))

'J(Si, C(2))
17(Si, C(5))
21(Si, C(4))

11(si, C(2))
1J(si, C(5))
23](Si, C(4))

'1(Si, C(2))
17(Si, C(5))
23J(Si, C(4))

11(si, C(2))
1J(si, C(5))
23](Si, C(4))

1J(si, C(2))
1(Si, C(5))
23](Si, C(4))

11(Si(a), C(C=))
11(Si(b), C(C=))
J(Si(b), C(Ph))
!J(Si(a), C(Me))
?(Si(a), C(C=))
2J(Si(b), C(C=))

73.7
55.0
55.0
55.9

9.1

73.6
56.2
53.8
56.0
10.5

71.1
72.3
11.8

72.4
72.3
12.7

72.1
74.1
13.1

72.6
71.5
13.0

70.9
70.5
11.6

86.6
74.6
76.3
56.3
13.4
12.2

131

133

206

206

206

206

206

184



Applications of Silicon—Carbon Coupling Constants

Table C4 (Continued)

247

Mez(H)Sl(a)—C = C—Sl(b)th—CH2—CH — CHz

Me,(H)Si(a)-C =C-Si(b)(Vi)Ph,

Ph,(H)Si-C = C-Si(H)Ph,

Me
Me Me \ _Me
'\Ifle Sn\ﬁa/Sl(a)
Me,Si ——Si—2
3 ] \ l / SiMe,
Me
Et BEt,

Me
Me_Me \ _Me
l\lfle Si(b)_g,—Si(a)

Me3Si(d)%Si|(c) \\4/“\ // —SnMe;,
Me
BEt2 et

Messi(d)\ Al

N0 )\AII

s (b)

Me28|(c)

M63SI(a)

1(Si(a), C(C=))
Y(Si(b), C(C=))
J(Si(b), C(Ph))
1J(Si(b), C(CH,))
!J(Si(a), C(Me))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
2J(Si(b), C(Ph))
%J(Si(b), C(Ph))
3J(Si(b), C(C=))
11(Si(a), C(C=))
1(Si(b), C(C=))
11(Si(b), C(Ph))
J(Si(b), C(Vi))
!1(Si(a), C(Me))
2J(Si(a), C(C=))
2J(Si(b), C(C=))
1J(si, C(C=))
2J(Si, C(C=))

J(si, C(2))
1J(Si, C(6a))
!J(Si(a), C(Me))

1(Si(e), C(IC=))
11(Si(d), C(C=))
17(Si, C(2))

17(Si, C(5))

'1(Si, C(5))

1J(si, C(6a))
17(Si, C(6a))
1J(Si(a), C(Me))
J(Si(b), C(Me))
1(Si(c), C(Me))
J(Si(d), C(Me))
2J(Si(c), C(C=))
2J(Si(d), C(C=))

YJ(Si(a,b), C(C=))
J(Si(a,b), C(C=))
17(Si, C(5))

17(Si, C(8))

7(Si, C(8))
1(Si(b,c), C(Me))
11(Si(b,c), C(Me))
11(Si(b,c), C(Me))
1(Si(b,c), C(Me))

77.4
85.3
75.5
54.9
55.8
12.5
12.7

4.0

58

5.4
774
87.2
77.1
75.5
55.4
124
13.2
83.9
13.1

70.7
57.8
474

77.5
77.8
49.0
69.7
43.8
58.8
56.1
50.2
49.5
56.6
56.1
12.1
12.3

76.3
78.9
70.1
60.0
46.7
51.2
50.3
50.8
48.5

207

207

184

206

206

194
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Table C4 (Continued)

'J(Si(a,d), C(Me)) 56.4
11(Si(a,d), C(Me)) 54.7
?J(Si(a,b), C(C=)) 11.9
?J(Si(a,b), C(C=)) 12.3
"J(Si, C4)) 9.7
Me Me Me e 1J(Si, C(2)) 66.4 206
I /\/ (i, C(5)) 71.9
=7 ™5 \z/ 23](Si, C(4)) 12.8
MeSSi/,\lﬂe \\ / l\l/Ita\SlMe3
Et/ BEt2
Me;Si \ Al 'J(Si, C(5)) 60.3 194
'J(Si, C®)) 65.3
1 .
Me Slﬂ— J(Si, C(8)) 54.8
[ \/ )\ 17(Si, C(Me)) 56.4
1 .
J(Si, C(Me)) 56.2
Me;Si~” ~ Al 1J(Si, C(Me)) 51.3
'J(Si, C(Me)) 51.1
"J(Si, C(C=)) 12.2
"J(Si, C(C=)) 11.8
"J(Si, C(4)) 8.9
Table C5. X;Si—-C=N structures
MesSi-C=N J(si, c(C=)) —53.3 106
HiSi-C=N —62.5 106
APPENDIX D
Table D1. Complexes
HSiM\eZ 1(si, ©) 57.1 223
NS
N\
(OC)sFe —Fe(CO),
_SiMes 'J(Si, C(Mey) 46.8 223
Me,S{ 'J(Si, C(Me3)) 457
NS
N\
(OC)sFe —Fe(CO),
_SiMe, 'J(si, C(1)) 64.0 224
27, 171 'J(Si, C(Me)) 55.6
(OC)3R““‘ ""’/'Ru(co)s

(OC)Ru—
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Table D1. (Continued)

_SiPhj 'J(si, C(1)) 71.7 224
2};’ ;//
(OC)Ru—| /" "f“Ru<co)3
(OC)zRU—_{
_SiMe; 'J(Si, C(1)) 63.2 224
o (Si, C(Me)) 55.3
(0C)30s —|— ""-.’:».OS (€O
/

(0C)s0s —

_SiPh, 1J(si, C(1)) 73.2 224

2, 1
iy %,
1,

(0C)50s \“ ,".';OS(CO)ii

(0C)s0s —

H 1181, C(1)) 65.5 224
éz '(Si, C(Me)) 53.7
C1_Ru(cO)
(og;mf \/\ :
MeSi \ co
% ocpRru”
H 'J(Si, C(1) 70.5 224
7:2
C1_Ru(CO)
(0C)RU= J\//\ N
co
Ph,Si (OC)SRU/
H 11(si, C(1)) 64.5 224
S, 1(Si, C(Me)) 53.4
C,0s(co)
(0C)50s 7 J\//\ °
N co
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Table D1. (Continued)

oc. OcC 1(Si, C(Me))
11(Si, C(Me))

S

Me;Si \//—\W, \w

ocC co SiMe,
meso,rac

SiMe; _SiMe; o, 'J(Si(N), C(Me))

1 : —
JSi(C=), C(Me))
Ph‘{(isn_’?lgg SiMe3 l](Sl(C:)/ C(Me))
N

SiMe3 SiMe3
SiMe3
MesSi | SiMeg 1(si, C(C=))
N N
tBu (——-Yb—) tBu
Me;Si SiMe;
meso,rac
11(Si, C(Me))
. of) ?J(Si, C(Me))
AN
/Yb/,
(SiMe,)St ?\'>
H 'J(si, ©)
—N
@ “SiMe,H
o
'J(Si, ©)

_SiMe; 'J(si, ©)
EEa
BEL,

_SiMe, 'J(si, ©)
Ny
SnMe,

52
50

56.6
52
49.3

64.6

40

57.1

57.0

57.8

56.2

225

226

227

228

229

229,230

229

229
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/SiMe3

@@@

SiME3
=
\B H
Fe -
/
=
N
SiMe,
/SiMe3
s
N F
Fe -
/
=
AN
SiMe,
SiMe;
="
\B Cl
Fe -
/
=
N
SiMe;
SiMe,
s
\B B
Fe —br
/
=
N
SiMe;
SiMey
at
N

N\ /N SiMe,

11(Si, C)

1J(Si, C(CH,))
11(Si, C(Me))

11(si, C)

'J(si, ©)

11(si, C)

11(Si, C)

11(si, C)

'J(si, ©)

58.0

58.5
54.4

57.4

57.2

57.5

58

58.5

57.7

229

231

230

232

232

232

232

232
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SiMe
/
s
\B OPh
Fe -
/
=
Na:
SiMe;
/SiMe3
s
AN
Fe B—NEt,
=
N
SiMe,
/SiMe3
S
AN
Fe B—N(Ph)Et
=
Na:
SiMe,
/SlMeS

/N

Fe B—N(CH,Ph)Me

=
Na
SiMe,

SiMe3
@ T B(NMe,),
Fe l
o BNVey),
\.
SiMe,
/SiMe3
=N d
~
~
Fe A
N
e
SiMe3
Si(a)Me;

_N/ = \
Ny a
Fe Al
Si(b)M
—N/ Y i(b)Meg
i:; \ Si(b)Meg
€3

Si(aM

11(si, C)

'J(si, ©)

11(Si, C) (+23°C)
1(Si, ©) (—=30°C)

'J(Si, C) (+23°C)
1781, C) (—50°C)
1(Si, ©) (=50°C)

11(Si, C)

11(si, C)

1(Si(a), C)
1(Si(b), C(Me))
1(Si(b), C(CH))

57.7

57.0

57.7
57.3

56.5
56.8
56.8

57.0

55.6, 55.7

55.8, 55.7
49.6, 49.7
18.1

232

233

233

233

232

234

234
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/SiMe3
=N
\ /N\
Fe / \ /SlMeS
— \SIME3
\, SlMe3
SiMe,
SiMe
Y, 3
S
Fe /SnC|2
=
SiMe,
SiMe; tBu
/
S/l
Fe
/ \\
@ S|Me3
Meaﬁi(a) Si(b)Me,

— N \&

Me3Si(a)
| Si\(b)Me3

\ ‘\\\2§3/BEIZ
Fe Sn

| sic)me,
MeSi(a)

NH—SiMe,
@/
O

Fe

/
@NH—SlMeZ

11(Si(SiN), C)
17(Si(SiSi), C(Me))

11(si, C)

'J(si, ©)

1(Si(b), C(C=))
(Si(a), C)
1(Si(b), C(Me))
2J(Si(b), C(C=))

'J(si, ©)

'J(Si(b), C(2))
1(Si(c), C(5))
11(Si(b), C(Me))
11(Si(c), C(Me))
1J(Si(a), C)

'J(si, ©)

56.0, 55.9
429,427

57.0

56.1

73.7
56.5
56.1
10.6

56.1

64.4
64.4
52.0
52.0
56.1

71.72

234

134

193

193

193

193

235
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H Me
H
7
= "
Fe

SiMe,

S|C|2Me

00

BCl,

SiCl,Me

B(Cl)Ph

SiCl,Me

B(NEt,)CI

G000

SiCl,

0

BCl,

%

Si(Cl)BrMe

0

BBr,

U

Si(Cl)IMe

0

Bl,

%

o &

Fe

@

@

11(si, C)

11(Si, )

1J(Si, C(Ferr))
11(Si, C(Me))
2J(Si, C(Ferr))

1J(Si, C(Ferr))
1(Si, C(Me))

1J(Si, C(Ferr))
11(Si, C(Me))

7(Si, C)
?J(Si, C)
¥(Si, €)

'1(Si, C(Me))

11(Si, C(Me))

17(Si, C(Me))

56.7

61.0

99.6
72.8
8.1

100.6
729

101.8
72.8

127.8
10.1
7.3

70.1

66.5

61.23

231

229

101

101

101

101

101

101

196
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Table D1. (Continued)

@ 1J(Si, C(Me)) 55.40 196
: Fe
;N+ y CI". 0.5 H,0
/ ~
Me l\\/le
: J(Si, C(Me)) 56.7 196
@'\ é
1 .
e J(Si, C(Ferr)) 71.6 65
@ Siies 1(Si, C(Me)) 526
Fe 2J(si, C) 55
@SiMe3 3(Si, ©) 44
1J(Si, C(Ferr)) 73.6 101
1(Si, C(Me)) 52.6
2J(Si, C) 5.5
3(Si, C) 44
1 .
. J(Si, C(Ferr)) 83.1 101
@SKCDM% 17(Si, C(Me)) 603
Fe 2J(Si, C) 6.7
@Si(CI)MeZ
1J(Si, C(Ferr)) 57.8 101
17(Si, C(Me)) 56.0
Fe SiMe2
1J(Si, C(Ferr)) 73.4 101
1(Si, C(Me)) 62.3
Fe  Si(C)Me 21(si, Q) 87
(si, ©) 99.1 101
2J(si, C) 8.6
Fe  SiClh 3(Si, C) 6.7
1J(Si, C(Ferr)) 50.6 101
17(Si, C(Ph)) 73.7
Fe Si(Ph)Me 1(Si, C(Me)) 56.4

N
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1J(Si, C(Ferr))
2J(Si, C(Ferr))

Fe Si(Cl)Ph *J(Si, C(Ferr))

Me__ _Me 'J(Si, C(2))
Me\5/SI\Z,Me i, C6))
11(Si, C(Me-endo))
4=1-3 1(si, C(Me-exo))
(0C)Fe = s, C@3))

2J(Si, C(4))

(si, C(C=))
11(Si, C(Me-endo))
1](Si, C(Me-ex0))

Me_ _Me '(Si, C(2))
Me\z/SI\sfMe 1](51’ CG)
17(Si, C(Me))
A 'J(Si, C(Me))
Et,B Et 2](511 Cc@))
Fe(CO);
Me. _Me '(S1, C(2))
Me-=~ >, Me J(si, C(5)
W\ J/ 'J(Si, C(Me-endo))
4==3 11(Si, C(Me-exo))
CoEt 2J(Si, C(3))
@ 2si, C))
Me J(si, c(C=))
N 17(Si, C(Me-exo))
EtB >_ SiMe, 11(Si, C(Me-endo))
Et Me
Cr(CO),
Me 1(Si, C(C=))
N 11(Si, C(Me-exo))
EB 7 SiMe, 1(Si, C(Me-endo))
l](Si, C(Me, exo))
Et Me 1J(Si, C(Me, endo))
Fe(CO),
Ph 1(si, C(Me-exo))
N 1(Si, C(Me-endo))
EtB \SiMez

77.0
8.5
8.2

63.9
63.0
57.6
40.9
10.8

9.4
63.7
40.8
57.4

64.6
62.8
55.8
40.1

9.9

66.4
65.8
58.4
37.4
11.0

9.2

78.2
50.6
59.5

77.2
47.8
57.8
57.6
47.7

47.8
59.9

101

99

102

99

99

236

236

102

236
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Table D1. (Continued)

Me J(Si, C(Me)) 56.8 236
N /Et
e, Si,
P e
Et Me
Fe(CO)s
Me 1(si, C(C=)) 76.8 236
N 17(Si, C(Me-ex0)) 487
EB SiMe, 1(Si, C(Me-endo)) 56.1
paim 'J(Si, C(C=)) 76.9 102
Et Et 17(Si, C(Me, exo)) 57.5
Fe(CO), 1(Si, C(Me, endo)) 475
Me 1(si, C(C=)) 74.1 236
N 1(si, C(Me-exo)) 494
EtB( SiMe, 1(Si, C(Me-endo)) 585
= 1(Si, C(C=)) 74.4 102
Et Ph J(Si, C(Me, exo0)) 53.1
Fe(CO); 17(Si, C(Me, endo)) 48.9
Me 17(Si, C(Me-exo)) 46.8 236
N 11(Si, C(Me-endo)) 58.0
72N
Me,N-B SiMe,
Et Me
Fe(CO)3
H 'J(Si, C(C=)) 75.8 236
N AMe 1J(Si, C(Et-endo)) 60.0
EB S'/,,.Et 11(Si, C(Me-exo)) 47.8
Et Me
Fe(CO),
H 'J(Si, C(C=)) 76.3 236
/N\ _ SEt 1}(5%, C(Et-ex0)) 49.8
EtB Si,, J(Si, C(Me-endo)) 58.0
Me
Et Me
Fe(CO);
H 1(si, C(C=)) 79.9 236
N_ Ph 'J(Si, C(Ph-exo)) 60.5
EtB Si, 17(Si, C(Me-endo)) 58.5

Et Me
Fe(CO);
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Table D1. (Continued)

Me 11(Si, C(Me-exo))
11(Si, C(Me-endo))

Fe(CO),
Me J(Si, C(Me-exo))
N 1(Si, C(Me-endo))
EB” SiMe,
Ef 7 Me
(OC)sFe
Q 'J(Si, C(C=))
Cl) 11(Si, C(Me-exo))
Et Co Me 11(Si, C(Me-endo))

K
EtB \N/SlMez

I
1J(Si, C(Me-ex0))
? 17(Si, C(Me-endo))
Co
\A; SiMe,
ﬁ

1(si, C(C=))
17(Si, C(Me-exo))
1J(Si, C(Me-endo))

9
\é; SiMe,
2

r(CO)3

'J(Si, C(C=))
1J(Si, C(Me-exo))
1(Si, C(Me-endo))

@
Co
EtO-B \A; SiMe,

48.4
58.8

56.6
53.0

79.1
449
58.3

46.3
60.1

79.3
45.8
58.8

78.8
443
66.9

236

236

236

236

236

236
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Co

Et Me
i
EtB N\ _Si(Ph)Me

H

Co

Et>_ _<Me
Me,N-B \A'\T _SiMe,

|
Me

@

Co

Et% Me
= e
A,
EtB\ /S|/,"

'J(Si, C(C=))
11(Si, C(Ph-exo, endo))
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11(Si, C(Me-exo))
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1J(Si, C(Et-endo))
17(Si, C(Me-exo))

17(Si, C(Me-exo))
1J(Si, C(Me-endo))

1(si, C(C=))
11(Si, C(Me-exo))
17(Si, C(Me-endo))

81.4
60.6
61.4

43.7

58.5

60.3
44.1

45.0
60.0

79.3
51.3
55.0

236

236

236

236

236

236
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e

N
EB7 SiMe,
Et Me

Ru(CO),

e
N

7 siMe,

)»)>—Me
Et
Ru(CO);

e
N
EtB >/_ _\<SiMe2
Et _ Me
Rh
o” o
\2Y)

Me Me

EtB

(si, C(C=))
1J(Si, C(Me-ex0))
17(Si, C(Me-endo))

1(si, C(C=))

(i, C(C=))
1J(si, C(Me-exo))
17(Si, C(Me-endo))

11(Si, C(Me-exo))
11(Si, C(Me-endo))

1J(Si, C(Me-ex0))
1(Si, C(Me-endo))

11(Si, C(Me-exo))
1J(Si, C(Me-endo))

78.1
47.8
58.0

74.3

78.5
48.0
57.1

43.3
58.1

42.5
58.5

52.3
56.1

236

236

236

236

236

236



Table D1. (Continued)

Applications of Silicon—Carbon Coupling Constants

261

e
N
N

EtB SiMe,

~A\
Pu

Me
IrCl

\O/\,’l"

EtB.  SiMe,

\g

Fe(CO);

7
Et8.  SiMe,

)

'I'I
2
O
9
)

e}

7
EtB.  SiMe,

CQ\J

\
O

EtB  SiMe,

N Cg\g

EB. SiMe,

Et Me
Ru(CO),

EB SiMe,

ae

(OC);Ru

17(Si, C(Me-exo))
11(Si, C(Me-endo))

(i, C(C=))
1(Si, C(Me))
11(Si, C(Me))

1J(si, C(C=))
1(Si, C(Me))
11(Si, C(Me))

1(si, C(C=))
17(Si, C(Me))
'J(Si, C(Me))

(i, C(C=))
11(Si, C(Me))
'J(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

49.5
56.3

714
61.7
58.0

71.4
60.3
55.4

73.4
60.6
57.2

73.0
61.5
56.6

53.9
45.8

56.0
46.8

236

172

172

172
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200

200
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s
~
Et>_ siMe,
Et Me
Fe(CO);
S
~
Etigr»\SiMez
Et 4<:
Me
(OC)zFe

S
~
EtB>_ “siMe,
Et Me

(CJ;o
S
~
EB7  SiMe,

Me
Co

©

Se

>
Et Me

Fe(CO);

Et

\

Se
EtB

“siMe,
Et Me

Fe(CO);

Se
N

EtB SiMe,

)

(si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

17(Si, C(Me))
11(Si, C(Me))

(si, C(C=))
11(Si, C(Me))
J(Si, C(Me))
2J(Si, C(Me))
31(Si, C(Et)

(i, C(C=))
11(Si, C(Me))
11(Si, C(Me))

(si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

11(Si, C(Me))
11(Si, C(Me))

719
53.9
47.8

55.9
47.8

56.0
43.7

58.0
43.8

70.9
53.4
458
6.4
4.5

66.4
55.1
45.8

729,734
54.6, 54.8
42.1,42.2

57.4
42.4

200

200

200

200

202

202

202
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EtB E |Me2

Ru(CO)3

Me\ /Me
Me~5/ \z_Me

Bt
(Et)/l-i(fl\Et(H)

/\
Me Me

rac,meso

meso Ni

>__ Me
Ni
Et Me
prs
EtB\< _SiMe,

1(si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

11(si, C(2))
11(si, C(5))
2J(Si, C(3))
2(Si, C(4))
11(Si, C(2))
11(Si, C(5))
2J(Si, C(3))
2J(Si, C(4))
11(Si, C(2))
17(Si, C(5))
2J(Si, C(3))
21(si, C(4))
11(si, C(2))
11(Si, C(5))
2J(Si, C(3))
2[(Si, C(4))

11(Si, C(Me-exo))
1(Si, C(Me-endo))

1(si, c(C=))
'1(Si, C(Me))
11(Si, C(Me))

1(Si, C(C=))
11(Si, C(Me))
11(Si, C(Me))

70.7
53.2
45.0

66.0
64.0
11.1
9.2
66.5
68.5
9.8
9.2
68.3
66.0
11.8
9.2
64.7
66.6
9.2
9.1

48.8
57.4

70.8
55.6
46.8

69.6
54.8
46.4

202

99

236

200

202
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(OC)zFe )@s

.—e(C

W= —l\)

\u/

dlastere0|somers

diastereoisomers

O)s3

11(si, C(1))
17(Si, C(4))
2J(Si, C(2))
21(Si, C(3))
17(Si, C(1))
11(Si, C(4))
21(si, C(2))
2J(Si, C(3))
11(si, C(1))
11(Si, C(4))
2J(Si, C(2))
2J(Si, C(3))
11(si, C(1))
17(Si, C(4))
2[(Si, C(2))
21(si, C(3))

17(Si, C(1))
11(Si, C(4))
2[(Si, C(2))
2J(Si, C(3))
11(si, C(1))
11(Si, C(4))
2J(Si, C(2))
2[(Si, C(3))
11(si, C(1))
1J(Si, C(4))
2[(si, C(2))
21(Si, C(3))

53.1
73.3
8.9
11.2
52.4
72.3
8.9
10.8
52.1
73.3
9.8
9.8
522
72.4
9.8
9.8

51.9
76.2

8.9
11.5
52.7
75.8
10.0
11.5
51.9
754

8.9
10.0

100

100
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Abstract NMR spectra are rich in information content, but are often crowded severely,

except for the simplest systems. A generic approach to address this problem is
spectral simplification by suitable editing. Editing procedures are in turn most
frequently rooted in the manipulation of spins by means of their couplings, be
they scalar, dipolar, or quadrupolar. In this connection, creation of a double
quantum state to filter spectra has proven to be an especially fruitful strategy.
In this contribution, we discuss the principles, implementation, and typical
applications of one-dimensional double quantum filter NMR experiments in
solution state, solid state, and spatially resolved NMR.
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Keywords: Double quantum coherences; double quantum filters; spectral
editing; creation of DQC; two- or three-pulse sandwich; non-exponential
relaxation; dipolar recoupling; transition selective reconversion; time
reversed reconversion; spin-1/2 systems; quadrupolar systems; DQF
spectroscopy; in vivo DQF NMR; DQF imaging; DQ diffusion studies

1. INTRODUCTION AND GENERAL PRINCIPLES

Multiple quantum coherences (MQCs) involve the superposition of spin states
that differ in their magnetic quantum number by a quantity other than one
unit."” They may be prepared with reasonable efficiency in pulse FT NMR mode
by the application of a non-selective two-pulse sandwich, normally supplemen-
ted by a n pulse in the middle of the delay between the two pulses, in order to
refocus shifts and inhomogeneities.”*

Generation of MQCs requires the presence of a coupling involving the spins:
scalar, dipolar, or quadrupolar. The spin system is normally prepared for the
generation of MQCs by coherent evolution under such a coupling.”

Consequently, MQCs may be employed as filters to distinguish the spectral
responses of coupled spins from those of uncoupled spins. This normally results
in spectral simplification (by the suppression of signals from isolated spins
(which are not coupled to other spins)) and also frequently permits identification
of the partners in coupling. Further, on systems of rare spins, it permits the
measurement of homonuclear couplings, which is otherwise a difficult under-
taking: the satellite transitions due to homonuclear couplings among rare spins
have but a fraction of the intensity of the main peak arising from the
corresponding isolated rare spin — and would therefore be generally masked
by the main peak unless the latter were suppressed.

Clearly, these are powerful capabilities that are much applied in diverse areas
addressed by NMR. However, all this may be accomplished only in indirect
mode, since MQCs are not directly observable in pulse FT NMR and need to be
converted to transverse magnetization components (single quantum coherences,
SQCs) for purposes of detection.'

While a multiple quantum filter experiment permits one to distinguish
responses of coupled spins from those of isolated spins — which are
suppressed — the penalty paid is in general an attenuation of the responses of
coupled spins as well, owing to the successive coherence transformations that are
required in performing such an experiment.

How does a multiple quantum filter permit distinction between coupled and
isolated spins? It may be recalled that n quantum coherences sense n times the
resonance offset (or chemical shift), phase shift, or field gradient applied.'™*
These are the properties that enable their discrimination from one another.

It may be noted, however, that under suitable conditions non-exponential relaxation processes involving such a
coupling could also play this role, even if the relevant coupling is unresolved and averages to zero.
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Special interest pertains to double quantum coherences (DQCs), especially in
the context of the NMR of nuclei with spin-1/2. DQCs normally involve
relatively light penalties in terms of the attenuation of desired responses.

In this overview, we summarize the principles and recent advances in this
area of NMR and attempt to capture the flavor of the applications of double
quantum filter (DQF) studies in NMR.

1.1 The characteristics of multiple quantum coherences

MQC may be defined in terms of the density matrix element [M) {(M'|. Here,
IM)> and |M') are eigenstates of the total z component of spin, I, with
eigenvalues M and M/, respectively; AM = (M—M) is the order of the coherence.

From these definitions, the effect of a phase shift may be inferred as follows:

I,IM) = MIM)
LIM) = M'|M)
= e 2| M) = e7 Mo M)
(M'le? = ™Mo (M|
e MY (M0 = e MM (M| M
= e MMM (M| = M0 M) (M M
In other words, the coherence is phase shifted in proportion to its order.

In entirely similar vein, the effect of resonance offsets Q and field gradients G
may also be inferred to be in proportion to the coherence order:

e—iQI:t |M> (M/ |eiQIZt — e—i(M—M/)Qt |M> <M/| — e—iAMQt |M> <M/| (2)

efiy(éf)lzt' M)(M| eiy(é.f)lzt _ efi(MfM’)y(éf)t' M)(M| = efiAMy(é-f)t| M) (M| )

In Equation (3), r is the position vector of any given point in the sample.

It may be noted in particular that zero quantum coherence (ZQC) is not
affected by phase shifts, resonance offsets, or gradients.

The phase cycling of the double quantum preparation sandwich P(t) in 90°
steps (see Sections 1.2 and 2.1.1) exploits this dependence on coherence order,
and results in a phase shift of DQC — and hence of the reconverted single
quantum signal — in steps of 180°. We have:

P(0),P~ (1) = c(1) @
e ikop eilo] e=ilop=l giko — g-il:opf =1 o0 — e=ilog(7) il0 = =10 (7)
Here, c(1) represents DQC and p is the coherence order (+2) that is prepared

by the sandwich P. Clearly then, a 90° phase shift generates a 180° phase shift of

DQC, that is, negates its sign.

The phase cycling of the reconversion pulse (or sandwich) (see Section 1.2)
may also be understood in similar light, although it is perhaps a little more
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subtle. We denote the reconversion sequence by R and the resulting (single
quantum) signal by S. We have:

R(DQO)R'=$ 5)

The effect of a phase shift of the reconversion sequence may be found by
evaluating the following expression:

e :7Re=*(DQC)e YR e:* (6)
If a 90° phase shift is employed, we find:

e—i(n/Z)IZ Rei(T[/Z)IZ (DQC)e_i(”/z)IZRJ ei(n/Z)IZ — _e—i(TE/Z)IZ R(DQC)R71 ei(Tl/Z)IZ
— _e—i(n/Z)Izs ei(n/Z)IZ — _e—i(n/Z)S

= e—iTE e—i(n/Z)S — e—i(37‘[/2)s (7)

Since the phase of a SQC such as the signal S is shifted by 90° given a 90°
phase shift of the reconversion segment®, we notice that the overall phase shift
that the signal accumulates amounts to 270°, including the sign change of DQC
under these conditions. However, a 180° phase shift of the reconversion segment
results in no phase change of the DQC and therefore results merely in reversal of
the signal S. For a 270° phase shift of the reconversion segment on the other hand,
the overall phase shift of the signal is 90°.

To complete this picture, we need to look at the effect of the reconversion
sequence phase on (+)z magnetization, on which the reconversion operates in
the case of isolated spins:

e I/DLEREAT/AL T o=i(n/Dl: R=1 gi(w/Dl: — o=iw/2L R R=1 oi(x/2):

— o iDL gl Gi(n/DL _ o=in/D) g/ ®)

In other words, the (single quantum) signal S arising from z magnetization
suffers the standard phase shift of any SQC, that is, it is shifted in phase by ¢
given a phase shift of ¢.” In summary then, the signal from isolated spins and
that from the double quantum pathway relevant for coupled spin pairs cycle in
the opposite sense to each other when the reconversion sequence is cycled
through the xy plane: the sense of cycling of the former being the same as that of
the reconversion segment itself.

1.2 INADEQUATE

One of the early applications of the idea of double quantum filtering is in the
area of >C NMR at natural abundance (ca. 1.1%), by way of the Incredible
Natural Abundance DoublE QUAntum Transfer Experiment (INADEQUATE).®

PNote that if the detected coherence order were to be deemed as —1, the signal suffers a phase shift of —¢, given
a phase shift of ¢. This still results in the opposite sense of shift of the signal from DQC and that from z
magnetization, following the detailed arguments above.
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Figure 1 1D INADEQUATE pulse sequence. The unobservable double quantum coherence
generated at the end of the second 90° pulse is converted to observable SQCs by the final
90° pulse after a short delay A. The optimum preparation time is (2/)~". Double quantum
pathway selection may be achieved by either phase cycling, as indicated in the figure, or
gradient-controlled coherence pathway selection.

This experiment is designed to permit a spectral display of scalar coupled *C
resonances at natural abundance. Because one-bond C-C couplings (*]cc) have a
well-defined range of values (which depend on the state of hybridization of
carbon), an INADEQUATE experiment that is based on the generation of DQC
mediated by one-bond couplings permits the visualization of the molecular
carbon skeleton: this is probably the closest NMR ever gets to directly visualizing
molecular-bonding topology. Working at natural abundance has the twin
advantages of not requiring any synthetic isotope labeling and of dealing with
the simplest spin coupled systems, viz., a pair of spins: but of course results in
poor sensitivity, the intensity of each of the '*C doublet components at natural
abundance being essentially 0.55% of the intensity of the resonance due to an
isolated '°C at the same site in the molecule.

The INADEQUATE pulse sequence is shown in Figure 1 and involves DQ
preparation, followed essentially immediately by reconversion to detectable
SQC. It may be noted that the optimal preparation period 7, ignoring relaxation,
is given by (2))". In standard implementation, broadband 'H decoupling (typi-
cally with composite pulse trains) is performed right through the experiment,
resulting in 'H decoupled °C spectra with signal enhancement by the NOE. Dis-
crimination between signals from isolated '*C spins and those that are coupled
may in principle be achieved by either phase cycling or gradient-controlled
coherence pathway selection.

Phase cycling in turn may involve one or a combination of several strategies:

()] Keeping the reconversion pulse phase ¢, fixed, the double quantum
preparation sandwich (phases ¢, ¢, and ¢z, which may all be set equal)
may be phase rotated from scan to scan in increments of 90° with
concomitant receiver-phase alternation (phase ¢..). This approach is
based on the response of DQC to phase shifts (see Section 1.1), viz., a given
phase shift applied to the spin system results in double the phase shift of
DQC: a 90° phase shift of the preparation sandwich as a whole therefore
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results in 180° rotation of the DQC created, which then leads to phase
reversal of the reconverted SQC.

(i)  Keeping the phase of the preparation sandwich fixed, the reconversion
pulse phase ¢4 and receiver phase ¢, may be rotated in opposite senses
in 90° increments on successive scans (see Section 1.1).

(iii) ~ Phase alternation of the 180° pulse of the preparation sandwich (phase ¢5)
may be introduced in addition, keeping the receiver phase constant,
compensating for imperfections in the refocusing pulse.

(iv) A 90° phase shift of the 180° pulse of the preparation sandwich (phase ¢,)
may be introduced as well, with concomitant receiver-phase alternation.

(v)  Phase alternation of the first 90° pulse (phase ¢;) of the preparation
sandwich may also be introduced, accompanied by receiver-phase
alternation.

(vi)  Standard four-step CYCLOPS may be superimposed on all of the
above, resulting in an expanded 4 x 4 x 2 x 2 x 2 x 4 phase cycle, that is,
a 512-step procedure, or a suitable subset thereof.

It is to be remarked that essentially no delay A (in practice, <10 ps) is required
between the end of the preparation sandwich and the reconversion pulse for the
phase-cycling procedure; in turn, only a short delay corresponding to the receiver
dead time is required between the end of the reconversion pulse and start of
acquisition.

Gradient-controlled pathway selection® may on the other hand be performed
on a single scan basis by inserting a pair of gradient pulses just before and after
the reconversion pulse, with amplitude ratio 1:2 to register the ‘echo” component.
Under the influence of a gradient of unit amplitude, DQC undergoes two units of
dephasing (see Section 1.1) and may be rephased by a gradient of two units
amplitude acting on the reconverted SQC, the reconversion pulse effecting a
change in sign of the coherence order as well, for the echo component. The delay
between the preparation sandwich and reconversion pulse on the one hand and
that between the reconversion pulse and start of acquisition on the other now
needs to be extended however to ca. 1ms each in order to allow for the
dephasing/rephasing gradient pulse to be ramped up, to settle, and to be
ramped down, and for the eddy current effects of the gradient pulses to decay.
Note also that half the signal is lost per scan in the gradient-controlled procedure
owing to the selection of one pathway out of two for coherence reconversion (e.g.,
the echo pathway or the anti-echo pathway).

The resulting signals by either procedure bear the stamp of the filter experi-
ment in that a series of anti-phase (AP) doublets result in the INADEQUATE
spectrum.®

“The term ‘AP doublets’ refers to doublets whose individual components have equal, but opposite intensity. For
example, while an in-phase (IP) doublet of spin #1 may be represented in operator notation (i.e., algebraically) as
I, the corresponding AP doublet may be represented by the operator 2I;,I>., clearly indicating that the sign of
the individual peak of the doublet due to spin #1 is related to the spin state of the coupled spin #2. As this
operator indicates, the two peaks of spin #1 now have equal but opposite intensity since the spin state of the
coupled spin #2 takes on the two values +1/2, given that its spin is 1/2.
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It is possible to generate doublets that have the natural IP intensity pattern by
supplementing the INADEQUATE sequence with a refocusing delay after the
reconversion pulse. This approach may be generalized to the design of a symmetric
filter experiment and is related to the idea of mixing that is conjugate to the
preparation. Uniform excitation and detection may be achieved by running such a
symmetrized version of INADEQUATE,” averaging over a range of t values.4

Strong coupling effects cause sub-optimal excitation of DQC with the
conventional choice of 7. This may be remedied: a reasonable compromise value
of the preparation period is found to be 3/(2)).°

In the INADEQUATE experiment applied to rare spins such as '°C, *°Si,” '*
183y 15718 119/117Gy, 182,180 o0t detect their respective homonuclear couplings,
the spin at each chemical shift exhibits in principle a pair of responses due to its
coupling to a second spin. Because the prospect of finding a third spin coupled to
either/both of the first two is further attenuated by the natural abundance factor,
INADEQUATE spectra have a relatively simple structure, exhibiting at each
chemical shift one AP doublet per coupled partner.

1.3 Double quantum filters in the solid state and in ordered phases

DQFs may also be configured for systems of dipole coupled or quadrupole
coupled spins in ordered phases. For such ordered phases, recoupling'’ ™ is often
invoked under magic angle spinning (MAS) conditions, since standard acquisition
under MAS would average out the dipolar (or quadrupolar) interaction. The |
coupled version is also possible in such systems when resolution permits.'>**

1.4 Double quantum filters in spatially resolved NMR

The DQF experiment is invaluable not only in the context of spectroscopy in vitro,
but also for spatially resolved NMR, including in vivo experiments, as well as for
NMR diffusion measurements, microscopy, and imaging.”” >’

The double (and when appropriate the triple) quantum filter experiment has
been explored as a means to distinguish between ‘mobile’ species and species
with ‘restricted mobility,” such as Na™ in biological systems, for example, in cells.

In the context of imaging, DQF procedures result in unique image contrast, by
a variety of mechanisms including molecule selectivity, T, contrast, etc.

1.5 Specialized DQF experiments

The DQF experiment that INADEQUATE represents is however by no means
limited to detecting homonuclear couplings among rare spins-1/2.

9The INADEQUATE experiment becomes ‘symmetric’ when refocusing is included, in the sense that the
preparation sandwich is then essentially repeated for reconversion, except for the final 90° pulse. By averaging
over 7, which is now both the preparation and the reconversion time, a sin’zjt dependence is introduced in the
signal, which averages to 1/2 when 7 is varied over a number of steps. The resulting signal intensities are then
independent of the value of J; however, phase anomalies could remain that need to be removed by a suitable
strategy: see, for example, ref. 7.
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In general, filter experiments may be broadly classified, in analogy with
electrical engineering terminology, into highpass filter experiments and bandpass
filter experiments in the spin number domain, corresponding respectively to n
quantum filtration and 7 spin filtration for spins-1/2.” If an n spin filter
experiment were applied to a "H network, for example, only the response from a
network of n coupled protons would remain in the resulting spectrum. If an n
quantum filter experiment were applied to the same system on the other hand,
responses from networks of n or more coupled protons would remain in the
spectrum. Furthermore, there has been some effort in the direction of topology-
selective filtration, which would distinguish, to give a simple example, between
linear and non-linear three-spin-1/2 networks.”®? Such filter experiments in
general lead to the possibility of spin chromatography,” that is, the separation of
the NMR responses of different species in a mixture into different sub-spectra,
without physically separating the mixture into its components.

In addition, filter experiments may of course be employed on nuclei with
spin>1/2.

1.6 2D MQ experiments

It is clear that the 1D filter experiment introduced above may be expanded into a
2D experiment, most simply by acquiring a series of spectra with systematic
incrementation of the period between MQC preparation and reconversion. This
expanded and incremented period would then permit evolution of MQC, so that
the MQ frequency spectrum may be inferred by double Fourier transformation of
the resulting two-dimensional dataset.

In the case of INADEQUATE, for example, the 2D version™ would displace to
different extents along the vertical spectral axis (which corresponds to F;, the
frequency dimension that is related to the evolution time f;) all doublets at a
given chemical shift that result from coupling to different chemically shifted
‘second’ spins.

Here again, 2D double quantum spectra of both rare spins, as well as 'H,*' have
been investigated, as also DQS of systems with spin >1/2. [In addition, DQF may
be incorporated in standard 2D experiments such as COSY”'. In this context, RF
gradients have also been employed for coherence pathway selection®" ]

The 2D version in solid state is the popular MQ-MAS experiment,33 while the
imaging analog involves phase-encoding MQCs that are generated in the
preparation period.**

2. IMPLEMENTATION OF DQF EXPERIMENTS

2.1 Preparation

2.1.1 Solution state
In a system with three or more energy levels, MQCs may be prepared by a
single RF pulse if one commences operations from a non-equilibrium state of
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the first kind' (e, a spin state where the populations deviate from their
equilibrium values).

In the more common case where the initial state corresponds to thermal
equilibrium, the preparation sandwich that may be employed to this end has
been referred to earlier in Section 1. In general, the basic sequence for generation
of even-order coherence comprises two 90° pulses with either the same phase or a
phase difference of 180°, there being a refocusing 180° pulse in the middle of this
pulse sandwich. We shall briefly examine below the effect of the relative phase of
the two 90° pulses in the preparation sandwich.

Considering a homonuclear system of n weakly coupled spins-1/2, we have
the following forms of the Hamiltonian H in the rotating frame and the
equilibrium density matrix o, We may now establish the nature of the effect on
the spin system of a preparation sandwich 90, — t/2 — 180;, — t/2 — 90, (with
propagator P):

n
H= 25111‘2 + Zzzn]ijlizljz
i1 i< ]

i=1
P = o=i/Dlpsy o=iH(x/2) g=inl, o=iH(z/2) o=i(z/2),

_ e—i(n/Z)Iww e iH(T/2) e—iH(t/Z) o 3i(n/2),
- n
H==> 614> > 2nll;
i=1 i<

P = e i@y o N <;z,:2n]”1’11”> Qi(7/2)1, )

The first term (on the right extreme) of this propagator clearly serves to
establish transverse magnetization of the spin system, in phase quadrature to the
corresponding first pulse of the sandwich. The second term of the propagator
describes the effect of scalar spin—-spin couplings on this transverse state. The
simple property that allows tracking of the effect of a series of weak couplings to
a given spin is that these couplings commute. Every additional coupling to an
(additional) spin may therefore be considered one at a time, sequentially in
arbitrary order — and generates a new state that involves an AP component in
phase quadrature (+90° in phase) with respect to the initial state that it acts on.
This implies that the phase of the AP magnetization that results after the
cascade of couplings to (1—1) spins is equal — or opposite — to the initial phase
if n is odd, while the phase changes by +90° if n is even. If the phase increment i
of the final pulse of the preparation sandwich is 0°, this state is converted to
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Figure 2 The plot of the amplitude A given in Equation (11) against 7T,

even-order coherence, regardless of 1 being odd or even. If, on the other hand, the
phase increment i of the final pulse of the preparation sandwich is 90°, the final
state generated corresponds to odd-order coherence regardless of the parity of .

The preparation time 7 is split by the refocusing pulse in two equal durations
/2, 7 being set to (2])~" in the case of weak scalar coupling,® ignoring relaxation
effects. When spin-spin relaxation effects are taken into account, the optimal
preparation time changes. In general, for a weakly coupled two-spin-1/2 system
that exhibits equal relaxation rates for the two coupled spins, we have:

Lo Lo ]
Topt = 1 tan'(n]T>) = o tan (Av1/2> (10
Here, a Lorentzian lineshape has been assumed and the linewidth (i.e., full
width at half height) has been denoted Av, /,. This expression clearly reduces to
the nominal value of the preparation time when the coupling constant | is very
much greater than the linewidth. It may be noted that unequal relaxation rates of
the two coupled spins results in the generation of some ZQC in addition.
Taking into account the decay of transverse components due to relaxation
(in the case of equal relaxation rates of the two coupled spins), the optimum
amplitude A also gets reduced from 1 to:

(11

A = sin[tan~!(n]T,)] exp [_ M]

ﬂ]Tz
This is illustrated in Figure 2, where the amplitude function A is plotted against
TE] Tz.

“In presence of strong coupling effects, on the other hand, with Ad/J <+/3, the optimum preparation time
amounts to 3(2)) 1%
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Figure 3 Basic J-compensated INADEQUATE pulse sequence. The reconversion pulse phase ¢
and receiver phase i are cycled through as usual.

The phase of the DQC created in spin-1/2 systems with a standard
preparation pulse sandwich (of phase x, y, —x, or —y) is +y, although rotation
of the phase of the sandwich by 45° would result in creation of the +x phase of
DQC.f Note however that for scalar coupled spin-1 systems in solution state,
there is an interesting difference in this respect between two-spin-1 DQC and
one-spin-1 DQC: the latter is generated with x-phase employing the standard
preparation sequence.”’

As seen from Equation (11), the amplitude of DQC prepared is thus a function
of |, which does not of course in general have one unique value, even in a given
molecule. A J-compensated preparation sequence has therefore been intro-
duced.”® The sequence was designed by analogy to composite pulses,”” with the |
coupling playing the role of the RF field. The basic version is shown in Figure 3.

This sequence may be readily seen to compensate for a range of | values by
introducing a time dependence that includes the third harmonic term in njz,
thereby partially flattening out the sine dependence. Unlike the three-pulse
sandwich however, this sequence does create DQC of phase x in addition to that
of phase ¥ when 1 deviates from 2D, however, the x-phase DQC is not
converted to signal by the 90° read pulse of standard phase (p = +x, +y). The Jt
dependence of the amplitudes of DQC,, DQC,, and their resultant generated by
this sequence is shown in Figure 4, and compared with the DQC, amplitude
generated by the standard preparation sequence.

The authors introduced a slightly modified equivalent version of their basic
sequence, based on practical considerations. Their final experimental sequence
also involves thrice the standard preparation time as shown in Figure 5.

Torres et al.” also introduced an offset-compensated INADEQUATE
sequence for moderate offset ranges, which they termed C-INADEQUATE, as
distinct from a version introduced earlier by Levitt and Ernst,*” which operates
better at large offsets. Further, Torres et al.”® introduced a J-compensated as well
as offset-compensated version, J[C-INADEQUATE.

An INEPT sequence has been employed as a front-end module to enhance the
sensitivity of INADEQUATE.*' The two segments of this pulse sequence may be
concatenated in two alternative versions, shown in Figure 6.

‘The ‘phase of the preparation sandwich’ refers to the phase of each of the individual pulses of the sandwich
when all three pulses have the same phase (vide Section 1.2).
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Figure 4 Plot of the amplitude of DQC of phase y (dot), phase x (solid), and the resultant
(dot-dash) generated by the J-compensated sequence, compared with the DQC of phase y
(dash) generated by the standard preparation sequence.
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Figure 5 J-compensated INADEQUATE pulse sequence. The reconversion pulse phase is now
set to (¢p—30°); the variable reconversion pulse phase term ¢ and receiver phase i/ are cycled
through in the usual manner.

The second version involves omission of two refocusing pulses. In both
versions, 77 is set to (4Jcy) . In the first version, (1,+13) is set to (4Jcc) ™!, while 14
is set to this value in the second version. In turn, 7, may be set to (4Jcr) ! for CH
systems, while a shorter compromise value of this setting satisfies all CH,
multiplicities. The phase of the 90°(a) pulse is in quadrature to the normal
INADEQUATE setting, since refocusing of the CH coupling during 7, results in a
90° rotation of carbon magnetization vectors. Either version of this experi-
ment aims to deliver sensitivity that is an improvement in relation to the
standard NOE-enhanced version, both because the maximum INEPT signal could
be four times the normal ’C signal (as compared to at most three times
the normal '°C signal for the NOE experiment) and also because the repetition
rate of the experiment would now depend on 'H T;, which could be shorter
than *C T;.
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Figure 6 Two versions of the INEPT INADEQUATE pulse sequence, with difference in
concatenation of the two segments. The version at the bottom involves fewer RF pulses.

DEPT polarization transfer has also been carried out for INADEQUATE, by
Sparks and Ellis*’; Podkorytov*® proposed a seven-pulse DEPT INADEQUATE
pulse sequence. This is a simplification of the original eight-pulse sequence
proposed by Sparks and Ellis.**

21.2 Solid state
‘Double quantum pulses’ have been employed on quadrupolar spin systems in
the solid state to directly excite DQC in such systems. These studies dealt with
static single crystals and polycrystalline solids. DQCs are directly excited, for
example, when a spin-1 system (such as *H) with quadrupolar coupling is
irradiated at its Larmor frequency wy with an RF field amplitude w; that is much
weaker than the quadrupolar splitting 2mq.**** The effective nutation frequency
under such a pulse is w}/mwg and has been observed in quadrupolar nuclei such
as Al (I =5/2) as well."”*

It may also be noted that direct cross-polarization of multiple quantum
transitions of spin-1 and spin-3/2 systems in solid state from spin-1/2 sources
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(typically, from abundant spins such as 'H) has been discussed in the literature as
well*”*" (see Section 3.2.5).

While weak (‘selective’) pulses analogous to the double quantum pulses
referred to above**** may be employed to create MQC in a multi-level system, a
suitable sandwich constructed from standard hard pulses constitutes the normal
preparation strategy.

In principle, the preparation segment of solid state experiments that rely on
the | coupling could be run in the manner indicated above for solution state
work, with the provision that MAS be employed to average out dipolar couplings
and chemical shift anisotropy in the solid state, so that the remaining interactions
resemble those in the liquid state. It may be noted that while inhomogeneous
interactions such as chemical shift anisotropy, quadrupolar interactions, and
heteronuclear dipolar interactions may be averaged out by MAS at moderate
speeds (5-15kHz), homonuclear dipolar interactions among abundant high y
spins require the use of ultrafast MAS (40-70 kHz) to do so. It is often of interest
on the other hand to generate MQCs between groups of spins that are dipole
coupled; when MAS has successfully ‘removed’ dipolar interactions, the genera-
tion of MQCs governed by these interactions is of course a contradiction in terms.
Much effort has therefore been devoted to ‘recoupling’ for these purposes the
dipolar interactions removed by MAS, typically in a 2D framework: the
acquisition dimension retains the full dipolar decoupling under MAS, while one
seeks to reintroduce dipolar couplings in the virtual time dimension.

It may be recalled that the average dipolar coupling between a pair of spins
vanishes over a rotor period owing to the spatial averaging under MAS. This
may be partially undone by two different approaches: (i) introducing a suitable
spin manipulation during each rotor cycle or (ii) setting up ‘rotational resonance’
(R conditions, where a multiple of the rotor frequency is set equal to the
chemical shift difference between a pair of spins.

Rotor-driven experiments may be categorized physically as experiments
where the dipolar flip—flop terms are re-introduced between a pair of spins by
making up, with rotor quanta, the energy difference between the two chemically
shifted species. It has proved possible to generate under rotational resonance
conditions the ZQC of a pair of spins, starting from a non-equilibrium
longitudinal state. This ZQC may then be transformed into DQC by applying a
selective inversion pulse at one of the chemical shifts.”’

As an example of the spin manipulation strategy, REDOR' was an early
pulse sequence that re-introduced heteronuclear dipolar couplings by the
insertion of a m pulse on one of the coupled spins every half MAS rotor cycle;
TEDOR' is an extension of REDOR that involves a coherence transfer between
the two coupled heterospins. For homonuclear couplings, RFDR*” and SEDRA*
involve the insertion of a n pulse at the mid-point of each rotor cycle and may be
viewed as RF-driven experiments where the refocusing pulse allows the dipolar
flip—flop terms to remain active.

DRAMA was the first pulse sequence™ that achieved direct recoupling for
homonuclear systems, resulting in an average dipolar Hamiltonian that does not
vanish over a rotor cycle. While a number of modifications of and alternatives to
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this approach have been reported in the subsequent literature, the basic
principles may be well illustrated with this sequence. The basic DRAMA
sequence consists of a pair of 90° pulses of opposite phase issued every rotor
cycle, with the interval between the two pulses being set to one-half the rotor
period. The tolerance of this basic sequence to offset and shift anisotropy effects
is considerably improved by an extended sequence, both shown in Figure 7.

It may be readily shown that under these conditions the dipolar coupling is of
the zz form (3I1.1>,—1I; - I,) for half the rotor period, but changes to the xx form
(Blixlrx—1; - Ip) for the remaining half (the pulse phases being y and —v), thus
undoing the spatial averaging (which of course requires that the spin part remain
constant over the rotor cycle).

This may be easily demonstrated for the two-pulse DRAMA sequence in the
zeroth-order average Hamiltonian Hy for a dipole coupled two-spin-1/2 system.
We may calculate the sequence propagator U as follows:

N 1 h
Hd = _Dzz(3112122 - Il . 12); Dzz ('uo) 12 (3 S 0— 1)
2 \4n r12

U = exp(~iHq %R) exp (i§1y> exp (—iHq E) eXp(_ieg) exp -1t %R) (12)
= U= exp(—in T—R) eXP(_in %R) exp(—in %R)

Hy = exp(lf )Hd eXp( i’] ) = —D, Bl — 1 - T)

At the same time, the spatial part of the Hamiltonian, D.,, is rendered time
dependent by MAS:

1 1
D..(t)=d (— 7§sin 2f cos(wrt +7y) + isin2 p cos(2(wgrt + y))) (13)
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Figure 7 Two-pulse DRAMA sequence (top); extended DRAMA sequence (bottom) that
averages out CSA and resonance offset effects over two rotor periods.
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Here, d is the dipolar coupling constant (d = (uy/47)(717,h/r3,)), while f and y
are Euler angles that describe the rotation of the dipolar tensor principal axis
frame into the rotor-fixed frame R and wg the rotor frequency.

The dipolar Hamiltonian then averages over the rotor period to:

™® ™R oL
/ Hj(t)dt = —/ D, (1) {3111'121' LR Iz} dt
0 0

N R/4
=—[3heb. T L] [ Dt
0

N 3tr/4 N R
~ [t T, -1 / Do(dt — [31D. Ty - 1] / D..(dt
TR/4 3TR/4
1
———sin2 cos(wgt + y)dt
T5sin2f [ costont +)
/ Da(hdt=d|
+ 3 sin’f / cos(2(wrt + y))dt
- 1 /™= 1 .
= Hy = —/ H;i(t)dt = ——d sin 2f cos y(3(I1z12; — I1xI2y)) (14)
R Jo «/En

The DRAMA sequence — or other improved variants — may be employed to
generate DQCs. This may be accomplished by inserting 7 cycles of DRAMA (in n
rotor periods) into the interval between a 90° pulse pair with opposite phases,
whose phases are in turn in quadrature with the DRAMA pulse phases. This
generates an average Hamiltonian of the form:

- 1 [™® 1 .
Hy = a/0 H;(Hdt = Ed sin 28 cos y(3(I1yl2y — I1xI2:)) (15)

More refined sequences for homonuclear dipolar recoupling have since been
designed, including DRAWS™>** (see Section 3.2.2) as well as the C and RY
families of sequences.” " The latter rely, respectively, on suitable cycles of pairs
of 2n and 7 pulses. Here, n is the number of pulse sets (e.g., (27),(27)_,,) issued in
N periods of the rotor. For example, the C; sequence may be viewed as
continuous phase-modulated irradiation with the nutation frequency being a
multiple of seven times the rotation frequency. A compensated C; sequence that
is considerably more tolerant to RF inhomogeneity, as well as isotropic and
anisotropic chemical shift offsets, has been introduced by Hohwy et al.”® by
cyclically permuting the (27),(27),., element to (1/2),(27),.-(37/2),,.

A popular sequence that is robust at high MAS speeds is the BABA
sequence,”®’ comprising back-to-back two-pulse sandwiches of suitably phase-
shifted /2 pulses (see, e.g., Section 3.2.1). The BABA sequence (see Section 3.2.1,
Figure 27) may be readily seen to give rise to the average Hamiltonian:

- 1 (™ 1
Hq=— Hii(t)dt = ——d sin 2f sin p(3(I1xl2x — L1yl (16)
0= [ Hud = —d sin 2§ sin 33(lulac ~ Iy 1)
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Optimal control theory has been employed to generate sequences for
recoupling that may be used for DQF work; one important advantage in
comparison to sequences such as Cy is that far lower RF power deposition in the
sample is called into play. An optimal control version of HORROR,”" termed
O“HORROR, has been developed for homonuclear recoupling,®* as also double
quantum planar and isotropic dipolar recoupling sequences.”” Heteronuclear
recoupling sequences based on optimal control have also been designed, for
example, for ""N-'°C applications.”* In general, optimal control sequences
attempt to achieve short coherence transfer times with moderate RF amplitudes
for applications on powder samples undergoing MAS, under conditions of RF
field inhomogeneity. For example, OCHORROR has been shown to achieve on
2,3-1*Cy-1-alanine a robust DQF efficiency of 73%, employing less than one-
fourth the RMS average RF field required by C; at 10kHz MAS, as shown in
Figure 8.

Karlsson et a discussed efficient DQ excitation under rotational
resonance. Rotational resonance implies that the difference of two isotropic
chemical shifts equals a small integral multiple of the spinning frequency.
The approach of the authors involves the preparation of non-equilibrium
longitudinal states involving difference magnetization of the two spins, followed
by their conversion under rotational resonance conditions to ZQC. This is then
followed by frequency-selective spin inversion to transform ZQC to DQC. These
processes may be represented in terms of the following transformations of

1.51

oL

| I

60 40 20 ppm
Figure 8 Experimental data on C,—"Cs—t-alanine obtained using: CP-MAS (left), HORROR
DQF CP-MAS (middle), and ©CHORROR DQF CP-MAS (right). The horizontal bars on the
©“HORROR spectrum at right indicate the corresponding intensities (heights) of the HORROR
signals. Reproduced with permission from ref. 62; Copyright Elsevier.
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the spin states:
op(Ilay+1y )t .
(hiz — Inz) ————>(I1z — I2z) cos wpt + 2(I1xloy — Iiyloy) sin wpt
(Ixloy — Liylay) i —(lxloy + Lyloy)

Here, wp = (uy/41)(y*h(3 cos>0—1)/21°), r being the distance between the two
spins 1 and 2, while 0 is the angle that the internuclear vector makes with the
magnetic field. The excitation process is reversed for reconversion: frequency-
selective inversion transforms DQC to ZQC, and rotational resonance then con-
verts ZQC to longitudinal difference magnetization. This is then followed finally
by a n/2 pulse for readout. Spectral peaks obtained under rotational resonance
conditions are however broadened or split by homonuclear dipolar couplings.

These authors also introduced pulse-assisted rotational resonance DQ
excitation.”” Here, the spinning frequency is displaced from rotational resonance.
RF cycles are then inserted, as in rotational resonance echo schemes. Most of the
spin evolution is still performed without RF fields, reducing problems associated
with '"H decoupling. Signal detection, being performed off rotational resonance,
improves resolution and sensitivity.

Dusold and Sebald®® discussed DQ filtration under rotational resonance
conditions. Overall efficiencies of this procedure’’ decrease when CSA is
significant. Bechmann et al. concluded®” that a pulse scheme of Nielsen et al.”®
is less prone to these effects.

More recently, a broadband rotary resonance recoupling sequence (B’R®) has
been introduced by Duma et al.”’ for efficient '’C-"°C correlations, involving
phase-alternated irradiation on the 'H channel during the mixing time, with an RF
amplitude close to the spinning frequency. No '’C irradiation is involved during
the mixing time.

In general, the operation of recoupling sequences for rare spin double
quantum filtering applications is normally associated with the use of species with
site-selective isotope labeling so that a large number of dipolar couplings would
not be involved, which would complicate the analysis of the results.

The analysis of the generation of DQCs as a function of the preparation time is
a common, fruitful approach in determining the relevant dipolar coupling
constant information. For this purpose, the double quantum filtered signal
intensity is analyzed as a function of the double quantum excitation time.

It may also be pointed out here that conjugate mixing, that is, a time-reversed
reconversion pulse sequence, is to be preferred in such recoupling studies to
avoid intensity cancellation owing to phase shifts among the different DQCs
prepared (see Section 2.3.4). In the DQ case, the time-reversed reconversion pulse
sequence is created simply by employing once again the excitation sequence, but
with a 90° phase shift.

(17)

2.13 Creation of MQC under conditions of multi-exponential relaxation
As an important example of this case, we shall briefly discuss **Na.” This isotope
has spin 3/2 and involves three degenerate transitions in the absence of a
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resolved quadrupolar coupling. The central transition (CT) (1/2«> —1/2) has a
different (slower) transverse relaxation rate (Rpg) as compared to the two outer
transitions (3/2«+1/2 and —1/2<—3/2; Ryp) when the extreme narrowing
condition is not satisfied. A 90° pulse applied to the spin system generates
transverse magnetization, which corresponds to a first rank tensor of order 1; this
gets transformed to third rank tensor components of order 1 under the influence
of multi-exponential relaxation effects. (Note that second rank tensor components
are not generated unless the quadrupole interaction is not averaged to zero, or
unless the outer transitions were to decay with unequal rates.) The third rank
component of order 1 thus generated may then be transformed to one of order 2
(i.e., DQQC) by a subsequent pulse of the same (or opposite) phase as the initial
pulse, while it may be transformed to one of order 3 (i.e., triple quantum
coherence, TQC) by a pulse phase shifted by 90° with respect to the initial pulse.
Thus, the standard MQC preparation sandwich functions in this case as well, free
evolution during the preparation sandwich being under the influence of multi-
exponential relaxation.

2.2 Evolution

2.2.1 Spin filtering

As noted earlier, the phase-cycled DQF experiment involves an infinitesimal
evolution period of the DQC created at the end of the preparation sequence. In
the case of gradient-controlled pathway selection, DQC evolves for a short
duration of the order of 1ms. This ‘high pass’ DQF already acts as a ‘bandpass’
two-spin filter when one is dealing with rare spins, such as '>C. When one is
dealing with abundant spins such as 'H, the ‘high pass’ DQF may be transformed
into what approaches a ‘bandpass’ filter, that is, in this case a two-spin filter,
by introducing a variable evolution time, split in two equal halves with a
refocusing pulse. The DQC of a two-spin-1/2 system does not evolve during this
period; however, DQC of an #n-spin-1/2 system (n>2) does evolve under
coupling. By variation of the evolution period over a cycle in terms of the
relevant double quantum coupling frequency, therefore, such n-spin DQC
contributions (17>2) would average to zero, except where there is a central
component in the spin multiplet of the DQC — which of course does not evolve
in time.”®

2.2.2 Spectral editing
The SEMINA sequence has been proposed b3y Serensen et al.”"”* for facilitation of
the assignment of direct and long-range '"C-'"°C couplings by identifying the
total proton multiplicity for pairs of coupled '*C spins. This is achieved by
incorporating a SEMUT type editing”® or double editing, following preparation
of DQC. SEMINA sequences with a single-step and a two-step editing are shown
in Figures 9 and 10, respectively.

The SEMINA sequences distinguish between CoH: — CzH? systems with
m+n odd or even. This results because the SEMUT editing step during the double
quantum evolution period (27;) confers a phase factor (—1)"*" on the *C DQC
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Ox

Decoupling

T1 T3] Deple.

90%

90%  180° 90

Figure 9 SEMINA-1 sequence for SEMUT edited INADEQUATE. 7¢ = (2cc) ™
sub-spectra with n+m being odd or even (see text), 0 may be chosen as 0° or 180° 7; may be
set equal to t3. In turn, 7; is chosen to be (2])_1,1 being the sum of the one- and two-bond Jcy

couplings in the fragment under consideration (see text).

Decoupling

0,180° 0’180’
0; 90° 9,
T § T1 fT20 T2 Decoupling
905 90%
90° 180° 90% 180°
Acq
TI@ul Tc Tc 1 K
2 r
A [0
'\‘ 45Y
’ Acq

Figure 10 SEMINA-2 pulse sequence. A final 457 pulse or preferably a z filter serves to

remove anti-phase components. 7; and 1, are |deally set to (2Ycn) ™

sequence of Figure 9.

for a 'H editing pulse flip angle of 7, the CH,~CH,, fragment behaving in this
respect much like a hypothetical CH,,,,, system would in a SEMUT experiment.
The second editing pulse on the 'H channel in SEMINA-2 then serves to
distinguish the parity of n and m, the second editing pulse flip angle also being

0 or 7.

. Tc is set as for the

. To generate two
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2.3 Reconversion

The standard reconversion strategy for a DQF experiment is to employ a 90°
pulse. Such a pulse — with phase x, 1, —x, or —y — reconverts exclusively DQC
of phase y for spin-1/2 systems. (It may be noted however that this is not true of
scalar (or dipole) coupled spin-1 systems, where one-spin-1 DQC of phase x is
also reconverted by such a pulse. It may be recalled that under conditions of
scalar or dipolar coupling between two spms 1, the standard preparation
sandwich produces spin states of the type I> 35z, which include DQC of x-phase
(cf. Section 3.1.2). Clearly, such a state may be converted to states of the type I2
or 2§, de]?endlng on the 90° reconversion pulse phase, these states bemg
observable +7%)

It has already been noted earlier that reconversion may be supplemented by a
refocusing period allowing the AP SQC after reconversion to rephase, with a
delay 7 that includes a refocusing 180° pulse to generate IP signals; uniform
excitation—detection may then be accomplished by supplementing this with ¢
averaging.

It may be mentioned that in the corresponding DQS experiments such as 2D
INADEQUATE,*” 45° /135° or 60°/120° reconversion pulses have been employed.
The former choice ensures optimum suppression of quad image peaks in the F;
dimension with improved sensitivity (compared to the 90° reconversion pulse in
this 2D context). The latter choice on the other hand ensures optimum sensitivity
with a slight trade-off against quad image peak suppression in F;. These
reconversion pulses convert both the x- and y-phase DQC in spin-1/2 systems,
albeit with unequal amplitudes and unequal flip angle dependencies.'?

2.3.1 CR reconversion

More recently, there has been considerable interest in the sensitivity enhancement
of such experiments, especially in the context of INADEQUATE-type sequences
as applied to rare spins. In particular, it has been recognized that the upper
bound on coherence transfer in two-spin-1/2 systems may be attained in
practical implementations of coherence transfer from DQC to SQC.”*”” In fact,
reconversion pulse sequences that involve ‘composite refocusing’ (CR) have been
designed for 2D INADEQUATE that optimally convert DQC to SQC in either an
echo type of transfer or an anti-echo type of transfer. In these experiments,
optimal sensitivity is obtained by transition-selective reconversion to one of the
doublet components, employing a non-selective pulse sequence.

The approach to the design of the CR sequence is briefly summarized below.
The maximum unitary transfer efficiency ama.x from DQC to SQC may be
calculated based on the singular value decomposition of the respective matrix
representations of the initial state B and final state A, arranging the respective
singular values as a vector X in descending (or ascending) order for each of the
states, and calculating:

(18)



286 N. Chandrakumar

For the transfer from I] I, to the observable state (I + I;), this value turns out to
be +/2/4 for a two-spin-1/2 system. It turns out that this value may be reached by
transforming the DQC in question to a single transition on each of the coupled
spins. This is equivalent to a transformation of the state o) to the states |af )
and |Bx), which in turn is equivalent to a rotation of 7/+/2 by the operator
(I1xI5 + I{15y), that is, an inversion in an equivalent three-level spin-1 system.
Here, I7 represents (1/2)(1+2I;,). The required rotation may therefore be written
in terms of non-selective elements as (n/2v/2)(I1y + Iox + 2I1.Io, + 2I1.1,). Such a
rotation is realized in terms of the pulse sequence shown in Figure 11, two
additional versions of the CR sequence being shown in Figures 12 and 13. The
first two versions are phase-cycled implementations, while the third is a
gradient-controlled alternative.

Here, the values of the phases are a function of the coherence transfer
pathway chosen (echo or anti-echo), as well as the doublet component of choice
(o0 or B spin state of the coupled nucleus). One possible set of choices for the
respective phases for the sequence of Figure 11, ¢1—¢¢ which leads to the f
component and the anti-echo pathway is: 0, 0, #/2, 0, 3n/2, n/2.

The functioning of the CR sequence of Figure 11 for the 1D case may be
readily appreciated by following the spin state transformations that it leads to, of
y-phase DQC and x-phase DQC. We track first the fate of y-DQC under the

T T
4 4
T T T T T T
Pq P2 ®3 P4 P5 Ps

Figure 11 A one-dimensional version of INADEQUATE with composite refocusing (CR). 7 is set
to (2cc)”". The thickest bars represent 180° pulses, while 90° pulses are thinner, the thinnest
being 45° pulses. See text for one possible choice of pulse phases. Pulse phases are cycled in
the customary INADEQUATE fashion.

il n pid il n
2 2 2 3 2

T T T T T T

2 2 A 2 2 I 2 7 Acq
X X X A B C -Y Y

Figure 12 A one-dimensional version of INADEQUATE with composite refocusing (CR). The
thickest bars represent 180° pulses. 7 is set to (2Jcc) . This version consolidates the sequence
with one fewer pulse and may be employed on modern spectrometers with digital phase
shifters that can set essentially arbitrary phases. See text for one possible choice of pulse
phases.
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o i ik

Figure 13 A one-dimensional version of INADEQUATE with composite refocusing (CR) and

with gradient-controlled (echo) pathway selection. 7 is set to (2/cc) ™. See text for one
possible choice of pulse phases.

sequence, starting at the end of the preparation sandwich:

907 1807
Z(leIZy + IlyIZ.’C) - 2(11)6[22 + IlZIZX) - _Z(leIZZ + IlzIZX)

=(2J)"! 45, 452 1
— _(Ily + IZy) I _(Ily + IZy) — _\/_E[(Ily + IZy) + (Ilz + 122)]

180,

_ %[([ly +1Ioy) — (I1z + I22)]

=)™
— V2(Iialos 4 Izl +

f(llz +1,)

90°
— —V2(Inely, + Talpy) + —= (e + )

ﬁ
1

=—L1x(1 —2I) + (1 — 2I1,)I 19

ﬁ(lv( 22) + ( 12)[2x) (19)

If the period indicated by A in the 1D sequence is long enough to allow free

precession of the DQC of y-phase that is generated by the preparation sandwich,

as in a 2D experiment, x-phase DQC is produced as well. Its evolution under the
sequence is described in turn as follows:

90; 180
2(Ihxlox — Iiylay) —> 2(I1xIox — I12122) — 2(11x12x —I1:1,)

=2
—> 2(I1adox — It212,) _> —2(I1xlo; + I1212y)

_X> _‘/E(lebz + IlzI2x) + \/E(leIZy + IlyIZX)

1807,
— V2131 + IiLy) — V2(Iiloy + Iy Doy)

=(2))! 1
_ E(Ily —+ Izy) — \/E(le12y + IlyIZX)
90;

, 1
— - E(Ily + Iy) + V21 + Iy lo2)

= - \/ii(hy(l = 2Ip,) + (1 = 2I1)l>y) (20)
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An alternative version of the CR sequence requires one fewer pulse, but phase
shifts other than 0°, 90°, 180°, and 270°. This sequence is shown in Figure 12. One
possible set of choices for the phases A, B, and C, leading to the f component and
the anti-echo pathway, is, respectively: (3n/2)+2u, n/2+2u, and u, where u is the
magic angle (54.74°).

Phase cycles employed for the standard INADEQUATE experiment may be
employed for these CR versions, implementing the phase cycle of the
INADEQUATE reconversion pulse on the entire CR mixing sequence.

A gradient-controlled version of the CR sequence is displayed in Figure 13.

In this sequence, the phases ¢ and y correspond to —y and —x, respectively,
for selection of the anti-echo f component. A gradient-controlled version of the
CR sequence with one fewer pulse is also known.

It may be noted that the CR sequences reconvert DQC of both phase x and
phase y into transition-selective SQCs. The 2D INADEQUATE CR sequences are
examples of coherence order and spin state-selective (COS’) transformations.

2.3.2 LBR reconversion

In the standard filter mode, only y-phase DQC is created at the end of the
preparation time. It is therefore possible to design a simplified reconversion
sandwich® whose efficiency at transforming y-phase DQC to single transition
SQC matches the coherence transfer bound.”””® The INADEQUATE sequence
incorporating such an LBR reconversion sandwich is shown in Figure 14.

As compared to the CR sequence, this three-pulse sandwich has the
advantage of a shorter duration as well as fewer pulses, and larger resulting |
bandwidth. The LBR sequence, so called because it includes rotations under
linear and bilinear spin operators, functions basically as follows.

DQC of y-phase is partially reconverted to AP SQC, whereupon it is allowed
to evolve under coupling for a duration corresponding to (2])~", the shifts being
refocused; in a two-spin-1/2 system — and in a quadrupole coupled spin-1

2 P O, @5 Pg

¢, (2
712 712 Al /2 7/2
13C

"

Figure 14 The 1D INADEQUATE LBR pulse sequence. The thinnest bar indicates a 0 pulse (45°
in the standard version), while thicker bars are 90° pulses, the thickest bars representing 180°
pulses. Pulse phases ¢, and ¢4 need to be in quadrature for single transition selection (see
text for details of phase choices and phase cycling).
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system — the remaining DQC does not evolve during this time; at the end of
this interval of (2])~!, the AP SQC components have precessed by +90° and have
become IP; at this time, a 90° RF pulse is issued that has the same phase as the
IP SQC and reconverts the remaining y-phase DQC quantitatively into AP SQC.
The resulting superposition of IP and AP SQC leads to a single transition at each
chemical shift provided their amplitudes match. Barring relaxation effects,
transition selectivity is thus clearly optimal if the first reconversion pulse of the
sandwich results in equal amplitudes of AP SQC and remnant DQC. This results
in the choice of a 45° pulse.

A simple density matrix calculation, given below, clearly reveals the
functioning of the LBR sequence in its role of converting (DQC), to single
transitions at each chemical shift:

0,
2(Ihxlay + Liyloy) —> 2co(I1xlay + L1yloy) — 28p(L1212y + T1yl22)
_V) _2C9(le12y + IlyIZX) + 259(11212y + IlyIZZ)

2nftly21o,
#) _ZCB(leIZy + IlyIZx) + ZC]SH(IlzIZy + IlyIZZ) - S]SG(le + IZx)
90°
- _ZCG(leIZZ + Izlo) — ZC]SB(IlzIZy + IlyI2z) - S]SG(le + Ipy) (21)
Here, ¢y =cos0, sp=sin0, ¢;=cosnJr, and s; =sinnjt. Clearly then, for
© = (2))7!, the final state ¢ of the two-spin system is given by:
of = _ZCH(leIZZ + IlzIZX) - 59(119( + I2x) (22)

For the choice 0 = n/4, this final state obviously represents a single transition at
each shift.

The high- or low-field component of the doublet may be selected by a number
of alternative strategies:

e reversal of phase ¢, of the initial 0 reconversion pulse;

e change of the refocusing n pulse phase @5 in the reconversion sandwich by
+n/2;

e reversal of phase ¢ of the final 90° reconversion pulse;

e first reconversion pulse flip angle: 0 = 3n/4 or n/4.

The propagator of the sequence 0,—t—n,—1—(n/2), may be written as:
U = i/, g=inl, g=4niJth.l. o=ifl, 23)
We have for the density matrix evolution under this propagator:
0(21) = e W/, ginly g—4ifthale: o=i0ly ()@l gdmehla: ginly @in/2), (4)
This may be rewritten employing phase shift operators as:
5(27) = e 1 @ i/ gzl g0l @il glol: g—dnifthizly =il o=i0l: iV
o(0)e VT il VI gnithila: gigl ginlc giol: o=il: @ilr/2L: girl: (25)

As noted earlier, the first pulse and last pulse must be in phase quadrature to
generate a single transition instead of a doublet. In other words, the phase angles
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x and Y must differ by +n/2. Taking the first pulse phase as n/2, the last pulse
phase must therefore be 0 or 7. Since the last pulse does not affect the IP
transverse magnetization — being parallel with it in the rotating frame — but
does change the sign of the AP magnetization created from the remaining DQC,
phase reversal of the last pulse results in switching the selection of the single
transition from one doublet component to the other.

Alternating the phase of the first pulse on the other hand does not affect the
phase of the remaining DQC, but does reverse the sign of the AP magnetiza-
tion — and eventually the IP magnetization — that is generated. This again
results in switching the selected single transition.

Alternating the phase ¢ of the refocusing pulse does not switch the transition,
but phase shifting it by +r/2 does. This may be readily understood on noting
that any of the phases +x, +y reverses the sign of the DQC remaining after the
first pulse; however, when the refocusing pulse has the same (or opposite) phase
as the first pulse, the sign of the AP magnetization generated by the first pulse is
reversed as well. When the phase of the refocusing pulse is in quadrature (+7/2)
with respect to the first pulse, however, the sign of the AP magnetization remains
unchanged, which then results in switching the transition.

Relaxation effects during the LBR sandwich lead however to a different
situation as compared to the preparation period. The equation to be satisfied for
generation of a single transition is an equality of the amplitudes of IP and AP
magnetization components of the same phase at the start of data detection.
Assuming equal spin-spin relaxation rates of the two spins in question, this
equality is given by:

Asq sin(nft) exp <T_—Sg> = Apg exp <T_—D€3> (26)
2 2

Here, Asq and Apq are the amplitudes of AP transverse magnetization and
DQC (sin0 and cos0, respectively), immediately after the first reconversion
pulse. In other words, t = (2])" is the optimal reconversion time if the single
quantum and double quantum amplitudes as well as relaxation rates are equal to
each other. If, on the other hand, the relaxation rates are unequal, one may still
operate at the same ‘ideal’ value of 7, but compensate for the differential
relaxation rate by employing a suitable first reconversion pulse flip angle 0 that
generates a larger initial amplitude of the coherence which relaxes more rapidly.
In this case, the equation to be satisfied is:

exp(—1/ TZDQ) 1 1 1
tan 0 = ————=="= —— | =5 — =~ 27
T gyt T TP\ \ TR TR 7

When the DQ relaxation rate is higher than the SQ relaxation rate, the right-
hand side is less than 1, implying that 0 <zn/4- If on the other hand the DQ
relaxation rate is lower than the SQ relaxation rate, the right-hand side is more
than 1, leading to 0>n/4. Examples of the two kinds of behavior are,
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respectively, '’°C DQC at natural abundance (especially when heteronuclear
dipolar interactions with 'H dominate the '°C relaxation) and spin-1 DQC (e.g.,
of *H) in lyotropic systems. For t = (2]) ", the single transition intensity with this
optimal flip angle is given approximately, to first order in the relevant

exponential factors, by:
1 1(1 1
—=1-= =5+ -0 (28)
V2 l Yy (TEQ szﬂ

which reduces to 1/+/2 when the coupling is much larger than ~78.5% of the
sum of the single and double quantum linewidths.

On the other hand, to maximize reconversion sensitivity at v = (2])*1, the
criterion is to maximize the total intensity function:

-1 -1
sin 0 exp| ——== | + cos 0 ex (29)
p(mﬁQ) p(zn?Q)

The condition on 0 is then readily obtained as:

cos 0 ex ;1 =sin 0 ex ;1
Plarse) =7 TP o

1 1 1

For © = (2])7', the single transition intensity with this optimal flip angle is now
also given approximately, to first order in the relevant exponential factors, by:

1 11 1
—=|1-=|=5+=55 (31
V2 [ il (TiQ T?Qﬂ
A multi-parameter optimization in terms of both 7 and T, may also be performed.
The ] dependence of the transfer function Z, characterizing the selected

component (excluding dispersive contributions, but including the combined
effect of preparation and reconversion segments) is given for the CR sequence by:

ZacR = Zlﬁ(sinZ [n]] + sin’[r]<]) (32)
On the other hand, for the LBR sequence, it is given by:
ZalBR = %(sin[n}r] + sin’[n]7]) (33)

In comparison, the basic INADEQUATE has the following | dependence, through
its preparation sandwich:

1.
7.2 INADEQUATE = ESIH[WI 7] (34)

The J-bandwidth of the LBR sequence compares favorably with that of the CR
sequence. This is readily seen on comparing the transfer functions of the 1D
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Figure 15 Amplitude of the absorptive component of the selected transition as a function of
coupling constant, for INADEQUATE (bottom curve, dash), INADEQUATE CR (middle curve,
dot), and INADEQUATE LBR (top curve, solid). Ref. 80; Copyright John Wiley & Sons.

INADEQUATE, 1D INADEQUATE CR, and 1D INADEQUATE LBR sequences
which are plotted in Figure 15. Here, the nominal coupling constant | is set as
35Hz. The intensity of the signal is plotted against J, in a range corresponding to
+40% variation of |.

From the plot, it may be noted that the ‘flat’ bandwidth of the 1D
INADEQUATE LBR sequence is considerably higher than that of the 1D
INADEQUATE CR sequence. At 40% deviation of the coupling constant from
its nominal value, 1D INADEQUATE LBR results in a signal intensity of
1.04 units, whereas 1D INADEQUATE CR affords 0.86 units signal intensity.
Signal intensity with 1D INADEQUATE under the same conditions amounts to
only 0.8 units.

Typical practical results obtained employing INADEQUATE, as well as the
CR and LBR versions are detailed in Figure 16, which displays the spectra that
result working with a sample of sucrose.

Couplings in sucrose vary in the range from 38 to 53 Hz. Quantitative
comparisons of the data displayed in Figure 16 show that the LBR spectra have
31% higher sensitivity as compared to standard INADEQUATE, while also being
18% higher in sensitivity compared to CR, when averaged over all the sites in the
molecule.

The INADEQUATE LBR sequence is an example of spin state-selective (S°)
transformations.
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Figure 16 Expansion plots, in sequence, of 1D INADEQUATE (bottom trace), INADEQUATE
LBR (middle trace), and INADEQUATE CR (top trace) spectra of a 0.5M sucrose sample,
recorded on a 400 MHz spectrometer. A total of 17k scans were acquired for each of the
spectra, with a spectral width of 6,756.76 Hz and 8k data points; the delay (D1+AQ): 1.03s. 1
was set to 12.195ms.

T T —TTTTT

2.3.3 Detuned LBR sequence

The LBR sequence may be deliberately ‘detuned’® to generate fractional intensity
of the ‘wrong’ component of the doublet, while still enhancing the intensity of the
selected component. This may be readily accomplished by altering the flip angle
of the first pulse of the reconversion sandwich. The intensity variation of the
two doublet components as a function of the first pulse flip angle is shown in
Figure 17.

The utility of the detuned LBR sequence is that it permits measurement of the
coupling and the chemical shift, while still resulting in enhanced sensitivity of
the chosen component. A practical demonstration of this on sucrose is shown in
Figure 18.
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Figure 17 Plot of doublet component intensity for the detuned LBR sequence as a function
of the first reconversion pulse flip angle 0, corresponding to the expressions (sin +cos 0)
(solid) and (sin 0—cos 0) (dash). Ref. 80; Copyright John Wiley & Sons.
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Figure 18 Expansion plots, in sequence, of 1D INADEQUATE LBR (bottom trace) and
INADEQUATE LBR 22.5 (top trace) spectra of a 0.5M sucrose sample, recorded on a 400 MHz
spectrometer. A total of 17k scans were acquired for each of the spectra, with a spectral
width of 4,761.9 Hz and 6k data points; the delay (D1+AQ) was set to 1.35s. 7 was set as for
the spectra in Figure 16. Ref. 80; Copyright John Wiley & Sons.

23.4 Reconversion in the solid state
As pointed out in Section 2.1.2, reconversion of MQCs in the solid state (where
one frequently works with powder samples at that) requires the special strategy
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that the reconversion sequence be related to the preparation sequence by
time reversal.* We shall briefly summarize the case for this approach in the
following.

We shall consider the spin system being prepared in a state of MQC starting
from thermal equilibrium. For convenience, we shall consider that at the end of
reconversion, the system is back in a longitudinal state as well — the signal
arising from which may then be read out simply by the application of a suitable
pulse. The state ¢ of the spin system following the chain of events (equilibrium —
preparation () —evolution (#;) —» reconversion (z)) is therefore given by:

P(t E . . R(7 . . .
L 29 Lr) = pr,pt 21 ottt pp_pt @it XO) Reittiti pp pt g Rt (35)

The propagators P and R involve exponential operators such as e ** and e~iHx!,
respectively, where Hp and Hpg denote effective Hamiltonians (e.g., average
Hamiltonians) for the respective processes. This form is explicitly shown above in
the case of the propagator describing evolution of the system during t;, where H;
is the Hamiltonian effective during this time. It may be recalled that the
propagators are unitary, that is, their adjoint equals their inverse.

The expectation value of the ‘observable,” (I, is therefore given by:
Tr(I.o) = Tr(I.Re 1 PI,PT et RT) = Tr((RTI.Re 11 )(PLPT hh))  (36)

The invariance of the trace to cyclic permutations has been employed in the
above. We may evaluate the trace in any convenient basis set; we choose the basis
in which the Hamiltonian during the evolution time, Hy, is diagonal. We now
have:

Tr(l.o) = > (R'LRe "), (PLP! &),

ab

= 3 (@(=)e iy, (L)e ),
a,b

— Z(Iz(—f/)e_iwatl)bu(Iz(T)eiwbtl )ah
ab

= D (=TI pe (37)
ab

It is to be noted that the transformations of I, under the preparation and
reconversion (or mixing) propagators (P and R, respectively) would in general
involve complex coefficients since multiple quantum processes are involved —
unlike, for example, a situation where transverse I, magnetization (a single
quantum state) is produced by their action. The above equation indicates
therefore the interference of a number of different closely spaced frequencies
(w,—wyp) with different phase factors, which is bad news for the signal strength.
The way out is to ensure that the reconversion propagator R is the adjoint of the
preparation propagator P (i.e., its inverse, owing to the fact that time propagators
such as R are unitary) — which requires also that ¢’ be set equal to 7. It is because
the exponent (Hp)t in the propagator R now changes sign with respect to the
exponent in the propagator P that this is termed time reversal.
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Under this condition, we have:
R=P'= Tr(l:0) = ) (I(~)y(=(0)ge "

= Z(RleR)ba(PIZPT)gbe_i(m“_wh)tl
ab

= Z(PI Py (PLP") e (e

ZI(PI PP |Pe7 e (38)

In the above, we have used the property that the operator I, is Hermitian and
remains so under a unitary transformation with the propagator P (or R), which
has the consequence that [I.(7)],, = [I.(7)]},-

With the amplitude of each frequency term now being positive (or zero),
signal cancellation owing to different phase factors associated with different
frequencies of the oscillatory terms is minimized — and the signal strength
maximized. As noted earlier in Section 2.1.2, in the DQ case time reversal is most
simply accomplished by employing the same sequence for reconversion as for
preparation, but with a 90° phase shift.

23.5 Signal resulting on reconversion of MQC mediated by multi-exponential
relaxation

In this case, characteristic lineshapes result that correspond to the Fourier

transform of the difference of two exponentially decaying functions of time,

leading to a pseudo ‘second derivative’ type lineshape.””®' The form of the time

evolution during signal acquisition in the time domain may be written as:

f(t) ~ £ [exp(R{V*£) — exp(R{* )] (39)

Here, R( * are apparent transverse relaxation rates (i = 1: outer transitions; i = 2:
inner trans1t10n) while the corresponding R are transverse relaxation rates
given in terms of the relevant spectral density functions J for the respective single
quantum transitions by:

R = —C(Jy +)
R(zl) =—-C(J; +]»)

qQ
C= 40< . ) (1+§> (40)

Here ¢°jQ represents the quadrupolar coupling, while 5 is the asymmetry
parameter. In turn, the spectral density functions are given in terms of the Larmor
frequency w and the motional correlation time 7. by:

27,

" o ? w
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Taking into account the MQC creation during the refocused preparation time
7, as well as time evolution of SQC during the acquisition time ¢, we find for the
signal amplitude in terms of the equilibrium magnetization Mj:

o = el () - ()| e () o ()] @

The resulting spectral lineshape is clearly the difference of two Lorentzians of
equal area, characterized by two different linewidths corresponding to the fast
and slow decay time constants T3z and T5g.

3. APPLICATIONS OF DQF EXPERIMENTS

3.1 Solution state

Double quantum filtered experiments have been extensively developed and
applied to solution state NMR. We categorize the applications broadly into spin-
1/2 related and spin-1/spin-3/2 related.

3.1.1 Spin-1/2 systems

Hore et al.*” introduced the ‘double quantum transitions for finding unresolved
lines’” (DOUBTFUL) experiment to identify two-spin systems with a specific
double quantum frequency. The experiment is especially useful for proton NMR.
It involves the same pulse sequence as 1D INADEQUATE, except for averaging
over a range of values of the DQF delay t; (which occurs in place of A, the short
delay between end of DQ preparation and start of reconversion). Averaging is
performed typically over half a dozen or more systematically incremented
values of t; so as to average out all DQCs that precess during t; — except the
selected DQC that remains unmodulated during #; since the transmitter is
placed at the center of the desired AB/AX spectrum, so that the algebraic
sum of the relevant offsets becomes zero. AP signals result from the chosen spin
pair. The authors demonstrated the experiment on an equimolar mixture of
B-nicotinamide adenine dinucleotide (NADH) and NADH c-2-phosphate
(NADPH) in D,O.

Bain et al.*’ discussed the selectivity of multiplet selection by the DOUBTFUL
experiment. The authors discussed a variant of DOUBTFUL that incorporates a
spin echo at the end of the basic sequence to generate IP doublets. They showed
that in the limit of large n and small t the signal amplitude of this experiment
varies as:

sin(wtg)

s (43)

where t; = nt, n being the number of steps of variation of the DQ filter delay, the
step size being t, and o the angular frequency of double quantum precession
relative to the carrier. The selectivity of the experiment may therefore be defined
as the zero crossing frequency of the sinc function, that is, 7/t in angular
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frequency units. Any multiplet whose DQ frequency lies within +v;=
+1/Qt) Hz of the carrier will therefore be detected as positive signals by
DOUBTFUL. Multiplets whose DQ frequencies lie between v¢ and 2v¢ will also be
detected, however, as negative signals of reduced amplitude. The authors
demonstrated these effects on the triribonucleotide diphosphate UpUpC.

Bolton®* demonstrated that in proton NMR, identification of all neighbors of a
particular spin A may be achieved as follows: selective saturation of spin A is first
performed followed by DQF. A difference spectrum is then constructed with and
without saturation of A. This serves to identify signals only from A and its
neighbors. The multiplet pattern of the neighbor spin corresponds to the
difference between the sub-spectra associated with the two spin states of spin A.
This approach was demonstrated on cytidine.

Novi¢ et al.*> described z-filtered DQ NMR spectra and their automated
analysis by pattern recognition. Their sequence, valuable for systems with four or
more spins, involves a two-pulse DQ reconversion strategy, with the flip angles
being f, (ca. 40°) and p’ (ca. 20°), separated by a short delay to allow phase
shifting.

Nakai and McDowell*® presented 1D and pure-phase 2D versions of
INADEQUATE with refocusing. They illustrated their approach with applica-
tions to hexanoic acid and hexadecanoic acid.

INADEQUATE has also been performed in indirect detection mode, various
versions of this exgeriment having been developed by Keller and Vogele,®
Weigelt and Otting, 8 Reif et al.,*” Meissner et al.,”’ and Kovér and Forgé,gl the
latter being a J-modulated version of ADEQUATE.*

A double J-modulated (DJM) proton-detected INEPT INADEQUATE experi-
ment has been described by Pham et al.”” The experiment permits simultaneous
correlation of directly bonded carbons as well as those separated by multiple
bonds, while also providing the values of all the Jcc couplings. Two intervals
during which carbon—carbon couplings evolve are also incremented in concert
with the DQ evolution period. The method has been demonstrated on a
monosaccharide.

Jin et al.”>** have developed '*C-detected IPAP INADEQUATE, as well as 'H-
detected IPAP DEPT INADEQUATE and IPAP RINEPT INADEQUATE for the
measurement of long-range '*C-'°C couplings. Both versions employ BEBOP and
BIBOP pulses derived by optimal control procedures™ ™’ for reducing the
duration of broadband excitation and inversion/refocusing pulses, respectively,
with limited RF amplitude. The efficiency of the indirect detection version of
these experiments has been further improved by incorporating the refocusing of
!Ten couplings prior to the preparation of DQCs, as well as by proton decoupling
during the long evolution period. IP or AP doublets are generated and
subsequently edited suitably to yield accurate values of small *C-"*C couplings.
The methods have been illustrated on mono- and di-saccharide samples.

3.1.2 Spin-1 and spin-3/2 systems
Indirect detection of spin-1 DQC in liquids has been described by Yen and
Weitekamp.” The authors excited spin-1 DQC of "N (spin S) in solution state
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Figure 19 Pulse sequence for heteronuclear MQS, for example, for indirect excitation/
detection of N DQS in solution, via non-vanishing Yx. The phase ¢ = Awt, in accordance
with the TPPI procedure. The echo top is sampled at the end of t,.

employing its resolved heteronuclear scalar coupling to 'H (spins I) in the NHj
ion as the means to do so. The pulse sequence is shown in Figure 19. They carried
out this investigation on 8 M NH4;NO; in acidified aqueous solution and chose
the delay periods A; and A, for observation of the coherence transfer echo on the
proton channel: 2ysA; = y;A,. It may be noted that spin-1 DQC is generated in
this experiment despite the absence of '*N quadrupolar coupling.

The propagator of the preparation segment of this sequence may be readily
shown to be:

4
U =exp (—Zni]fpsy <Z I,y) ) exp (i g Sx) (44)
i—1

The state of the spin system at the end of the preparation period may therefore be
shown to be:

4
(Ii(1 + Sj(cos 2]t — 1)) + S, sin 277y
i=1

1=
= (1 + S}(cos 2nJt, — 1)) + IS, sin 27]z,
with

4 4
Iz = Zliz, Ix = Zlix
i=1 i=1

(45)

For the choice of preparation time 7, as (27", therefore, one-spin DQC of the
spin-1 system S is maximized, while two-spin heteronuclear MQC of the spin-
1/2-spin-1 system vanishes.

The resulting 4N DQG, if allowed to evolve, generates on indirect detection a
(1,1, 0,1, 1) quintet with splittings 2] and with the central line missing, as shown
in Figure 20. In order to effect indirect detection, a 90° pulse pair is clearly
required following ;.
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Figure 20 The 185 MHz 'H-detected N DQS of 8 M NH,NO; in acidified aqueous solution.

TPPI/t; refocusing; T = t, = 10ms; 'H carrier on resonance; "N carrier 0.85kHz off resonance;

Aty =200 ps, Ay = 11.327 ms, A, = 1.618 ms, satisfying the relation for coherence transfer echo

filtering. Reproduced with permission from ref. 98; Copyright Elsevier.

Chandrakumar”” showed in the same vein that homonuclear DQCs of spin-1
systems in solution state may also be excited and indirectly detected in the absence
of quadrupolar couplings, given a homonuclear scalar coupling to another spin-1.
The standard preparation sequence (n/2),—1t/2—(n),—1/2—(n/2)y+y When
applied to such a scalar coupled two-spin-1 system leads, with ¢ = x and y =0,
to the following state ¢ of the spin system:

0 = so(IySx + I;Sy) + (co — DI3S. + 1.S2) + (I. + Sz) (46)

This state of the system clearly includes two-spin DQC of phase y (first term
on the right) as well as one-spin DQC of phase x (contained in the second term),
besides longitudinal magnetization (third term).

On the other hand, with ¢ = x and y = 90°, we find for the state of the spin
system:

0 = 59(I;S: + L.Sx) + (I, + Sy) + (cyy — 1)(I2S, + 1,53 (47)

This state includes two-spin TQC of phase y (contained in the third term on
the right), besides AP and IP transverse magnetization of the two spins (first two
terms).

It has been shown by Chandrakumar” and Chandrakumar et al."” that one-
spin DQC in a scalar coupled two-spin-1 system gives rise to a DQ multiplet that
is a doublet with splitting 4/, while two-spin DQC in such a system gives rise to a
DQ multiplet that is a triplet with splitting J. Further, one-spin DQC has a smaller
relaxation rate” than either SQC or two-spin DQC.

These features are exemplified by the spectra of [3,3'-"H,]norcamphor shown
in Figure 21. This system has a “H-°H geminal coupling of 0.35Hz, which is
barely resolved in 1D mode after applying a resolution enhancement filter. In the
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Figure 21 61.42 MHz *H NMR spectrum of [3,3'-?H,]norcamphor. (Top trace) The
corresponding resolution-enhanced 1D H spectrum. (Bottom trace) F; projection of a *H,

H double quantum spectrum run in pure phase (TPPI) mode with 'H decoupling; the complete
resolution of the one-spin double quantum multiplet is to be contrasted against the total lack
of resolution of the two-spin double quantum multiplet. Adapted from ref. 100; Copyright
John Wiley & Sons.

2D double quantum spectrum on the other hand, the F; dimension clearly
displays the expected magnification of the coupling, as well as line narrowing,
resulting in complete resolution of the doublet structure, as shown in the F,
projection displayed in Figure 21.

Venkata Raman and Chandrakumar'”’ have exploited this difference in
behavior under coupling to separate the two types of DQC from one another, by a
J filter experiment; the pulse sequence is shown in Figure 22.

For a given | value, a finite evolution time with a refocusing pulse at the mid-
point permits separation of one-spin-1 DQC responses from two-spin-1 DQC
responses with an appropriate choice of the evolution time: no #; averaging is
involved, unlike in standard spin filtering. This has been demonstrated on two-
spin-1/2 mimics of spin-1 and an example is shown in Figure 23.

Ramesh and Chandrakumar® demonstrated that the LBR sequence may be
applied to spin-1 systems in phases with residual order, such as lyotropics, for
transition-selective reconversion of one-spin-1 DQC in such systems. In this
application as well, shown in Figure 24, it turns out that the LBR sequence results
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Figure 22 Pulse sequence for DQ/J filter experiment. ¢ is stepped through the standard
double quantum phase cycle with concomitant phase alternation of the receiver.

[

Hz 3350 3300 3250 3200 3150 3100 3050

Hz 3350 3300 32,50 322)0 31150 31100 3050
Figure 23 Experimental 'H spectra of the DQJ filter experiment on 2-aminoethanol. The top
trace corresponds to two-spin DQC selection obtained with t; = 21.78 ms (8/)", while the
bottom trace corresponds to one-spin DQC selection resulting from the choice of t; = 87ms
(2))7". Ref. 101; Copyright Taylor & Francis.

in 32% sensitivity gain over standard INADEQUATE, 58% over refocused
INADEQUATE, and 14% over the CR version — and in fact 5% over the
corresponding single 90° pulse experiment with signal averaging!

Studies of dissolution of structured surfactant using localized DQF and cyclic
] cross-polarization editing were described by Ciampi et al.'’* Liquid crystalline
phases form at the water—surfactant interface. The anisotropic motion of D,O in
the liquid crystalline phases offers a selective visualization of the surfactant/
water interface, the quadrupolar splittings offering a quantitative measure of
surfactant concentration. The composition of the liquid crystalline phase may be
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Figure 24 1D expansion plots, in sequence, of single pulse spectrum (90° pulse excitation,
bottom trace) and DQF, refocused DQF, DQF CR, and DQF LBR (top trace) spectra of a
1.2molal CTAB/D,0O sample, recorded on a 400 MHz spectrometer. Two hundred and fifty-six
scans were acquired for each of the spectra, with 4,058.44 Hz spectral width and 8k data
points. Relaxation delay was set to 1s. Ref. 80; Copyright John Wiley & Sons.

followed as a function of time at different sample locations, by comparison with
completely dissolved samples at different water concentrations.

Sharf et al.'” showed that DQF spectra of cartilage are the result of
anisotropic motion of D,O due to binding to fibrous collagen in the tissue. DQF
lineshapes obtained as a function of preparation time could be fitted to obtain the
average residual quadrupolar interaction (110Hz, unresolved), its standard
deviation (73Hz), and the transverse relaxation rate (63s™1).

Discrimination between different compartments of sciatic nerve by *H DQF
NMR has been described by Shinar et al.'”* Rat sciatic nerve equilibrated with
deuterated saline gives rise to three quadrupolar split water signals. Based on the
time course of their shift by Co salts, they were assigned to epineurium (120 Hz
quadrupolar splitting), endoneurium (470 Hz), and intra-axonal compartments
(9Hz). The DQF pulse sequence eliminated the signal of bulk water which
experiences isotropic motion. Different preparation times maximize the three
different compartmental water signals, and shift reagents may therefore be
avoided in the DQF pulse sequence.
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Multiple quantum filtered quadrupole echo sequences were proposed for *H
and *Na by Eliav and Navon.'” They demonstrated applications to cartilage
and showed that the difference between relaxation rates determined by the
multiple quantum filtered echo technique and the standard multiple quantum
filtered spectroscopy is diagnostic of the anisotropic motion that leads to residual
quadrupolar interactions.

Jelicks and Gupta'”® investigated the DQF NMR of *Na in cells and tissues
and the quenching of extracellular coherence by paramagnetic species. They
concluded that DQF NMR of cells and tissues allows detection of biexponentially
relaxing *’Na*. However, they showed that the signal detected is not solely due
to intracellular Na* but contains a significant contribution from extracellular
*Na* which may be quenched by interaction with a paramagnetic reagent such
as dysprosium bis(tripolyphosphate), [Dy(PPP)),]"".

Hutchison et al.'’” carried out an evaluation of DQF for measurement of
intracellular *Na concentration, the system studied being BSA in water. The
authors concluded that this approach will not provide a useful measure of
intracellular sodium in in vivo tissue samples.

Measurement of intracellular sodium in perfused rat mandibular salivary
gland by DQF *Na NMR at 8.45T was reported by Seo et al.'” They observed
signals from intracellular and interstitial *’Na at 25°C. The resonance due to
intracellular *Na consisted of two Lorentzian components, a sharp component
from the CT and a broad component from the outer transitions, with the T, being,
respectively, 95 and 1,360 s~ The signal from interstitial 2Na had longer
relaxation times (corresponding to 71.1 and 42.8s™') and disappeared on
administration of dysprosium triethylenetetramine-N,N,N’,N”,N"",N"’-hexaacetic
acid (TTHA).

Reddy et al.'”” analyzed the influence of inhomogeneous RF fields on DQF
and TQF experiments on spin-3/2 nuclei undergoing biexponential relaxation.
The authors showed that the on resonance, three-pulse triple quantum filter
without the 20 refocusing pulse is 100% more sensitive than the corresponding
DQEF. Used with surface coils, the three-pulse as well as four-pulse filters (which
include the 20 pulse) act as depth pulses, yielding spatial localization. The three-
pulse filter is more sensitive than the four-pulse filter. The authors went on to
experimentally verify their predictions employing a homogeneous RF field with a
cosine coil.

The in vivo NMR of Na* ions in ordered environments has been investigated
by Kemp-Harper et al."'” DQF experiments with 54.7° pulses and the Jeener—
Broekaert sequence were employed to investigate systems with residual
quadrupolar couplings in excised tissues, cell suspensions, and in vivo. The
authors demonstrated this approach with a surface coil to observe the ’Na signal
in anisotropic environments in human nasal cartilage.

Tauskela et al.'"" reported an extracellular (anisotropic, second rank tensor)
contribution to the DQF **Na signal in isolated perfused rat hearts. As compared
to single quantum experiments, MQF **Na NMR results, in general, in superior
resolution of intra- and extracellular resonances, and significantly better
sensitivity to increases in intracellular Na®, the MQF spectra being acquired
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without the addition of shift or relaxation reagents. Further, DQF 2Na NMR is a
very sensitive technique to detect motional anisotropy, the presence of a residual
quadrupole coupling having been reported for bovine cartilage, intra- and
extracellular environments of erythrocytes, as well as brain tissue. Residual
quadrupolar coupling results in a second rank tensor contribution to the
observed *Na signal (cf. Section 2.1.3). A 90°—1/2—180°—1/2—0—t;—0—Acq.
sequence was employed for double quantum filtered and triple quantum filtered
experiments, f; being a short delay of ca. 20 ps. For the triple quantum filtered
case, 0 was set to 90°; for the double quantum filtered experiment the choice of
0 = 54.7° permits the acquisition of signals from the second rank tensor pathway
alone, while for 0 = 90° both second and third rank tensor contributions to the
signal are acquired, with opposite phase. The authors concluded that under
certain DQ preparation conditions, it would be possible to estimate the
intracellular Na* concentration of isolated perfused rat hearts by DQF *Na
NMR without having to add shift or relaxation reagents.

Mouaddab et al.*' described the absolute quantification of the bound fraction
of *Na* by DQ filtered *Na spectroscopy. They performed a deconvolution of
the lineshape resulting from the biexponential decay in such systems, where MQ
creation is controlled by multi-exponential relaxation (see Section 2.3.5); an
experimental spectrum from their work is shown in Figure 25. They showed
further that the area under the positive Lorentzian component resulting on
deconvolution of the signal closely matches the area between the zero derivative
points (minima) of the composite lineshape. Their method was validated on a
cationic exchange resin that had a quantitatively controlled number of Na®
binding sites. The authors showed that absolute quantification of bound and free
fractions of Na™ is possible. This is of considerable interest as determining factors
in the characterization of salted /brined/dried food products.

The lineshape resulting from Fourier transformation of the biexponential
decay function that results after reconversion of DQC generated under

12 6 0 -6 -12
ppm
Figure 25 Experimental DQ spectrum (gray circles) of resin sample ([Na'] = 0.71M). The lines
L* and L~ (of area AP?" and AP?") and their sum (thick line) result from experimental data
processing. Reproduced with permission from ref. 81; Copyright Elsevier.
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non-exponential relaxation conditions, as described earlier, may be analyzed for
its components (denoted L* and L™ in the figure) by deconvolution, permitting
quantitative analysis. This has been found to yield similar results as an
approximate analysis based on the area under the line profile between the
signal minima, thus validating the approximate analysis.

3.2 Solid state

3.21 'H studies

2D PN edited 'H DQ MAS spectra were obtained by Schnell et al.''* Recoupled
polarization transfer (REPT) was employed to run an ">N-"H HSQC experiment
in indirect detection mode; this REPT-HSQC module also provides a filter for '"H
DQ signals. The technique has been demonstrated on hydrogen-bonded dimers
of "N-labeled 2-ureido-4['H]-pyrimidinone.

DQF spin diffusion '"H MAS NMR was employed by Cherry et al.'"® to
investigate domain size in polymer membranes. Sulfonated Diels-Alder
poly(phenylene) polymer membranes were investigated by "H NMR at high
MAS speeds, the proton environments of the sulfonic acid and phenylene
polymer backbone being then resolved. The rotor-synchronized back-to-back
BABA sequence was used. This allowed selective suppression of the sulfonic
proton environment. This DQ filter in conjunction with a spin diffusion
experiment was used to measure the domain size of the sulfonic acid component
within the membrane.

Bechmann et al.'"'* discussed DQF 'H MAS spectra and showed that this
experiment permits the estimation of the minimum number of 'H spins in a
cluster. This could be an alternative to multiple quantum NMR experiments for
the characterization of moderately sized clusters. The authors have demonstrated
this approach on a carboxyl di-deuterated maleic acid sample at 10 kHz MAS
speeds, employing a standard DQF COSY-like 1D sequence. They showed that
the experimental sideband pattern lineshapes are best reproduced by a model
incorporating a network of four nearest neighbor protons in addition to the basic
maleic acid olefinic spin pair.

Buda et al.'"” characterized the complex morphology of nylon-6 fibers by spin
diffusion experiments that employ a dipolar filter based on DQ excitation. The
authors also employed this approach to measure the distribution of residual
dipolar couplings of lecithin molecules grafted on sub-micrometer cylindrical
pore walls. The distribution of the orientation of collagen fibrils in Achilles
tendon has also been estimated by 'H DQF studies. Further, these authors also
employed a DQ dipolar filtered spin diffusion "H NMR experiment to determine
domain thickness in HDPE."'® A suitable pulse sequence is shown in Figure 26.

NMR studies of the proton conducting polymers Nafion and S-PEEK were
reported by Ye et al."'” employing high-resolution 'H solid state NMR under fast
MAS. Homonuclear DQF spectra from rotor-synchronized BABA experiments
were employed to disclose the nature of hydrogen-bonding interactions in the
polymers. BABA allows recoupling of spins that are rigid on the time scale of the
sequence. The intensity of DQC depends on the product of the dipolar coupling
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Figure 26 Four-pulse double quantum filter, which is followed by a 90; detection pulse after
the spin diffusion time tq.
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Figure 27 Homonuclear double quantum filtering with excitation and reconversion by back-
to-back (BABA) pulse sequences, time reversed relative to each other. All pulses are 7/2
pulses.

strength and the recoupling/excitation time. Fast tumbling of molecules (leading
to the residual dipolar coupling) or long internuclear distances manifest as weak
dipolar couplings. Proton interactions may therefore be detected and their
relative mobilities gauged by employing the BABA sequence. Relative mobilities
may be ascertained by comparing '"H MAS NMR spectra with 'H DQF MAS
NMR spectra: mobile protons will be absent from the DQF MAS NMR spectrum.
The pulse sequence is shown in Figure 27.

Ye et al.''® also employed the rotor-synchronized homonuclear '"H DQF
sequence to determine differential 'H mobilities in polyvinazene (PV). They
employed the BABA homonuclear DQF sequence for this work as well, to
distinguish mobile from immobile protons at high MAS speeds (>25kHz). The
basis of this work once again is that protons that undergo dynamics on a
timescale faster than the rotor period exhibit motional averaging of their dipolar
coupling. The pulse sequence of Figure 27 is again suitable.
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3.22 °C, ®N, ’si studies

Menger et al.'"” studied the '>C CP-DQF spectra and CP-DQS spectra of a single
crystal of 9% doubly labeled glycine. Dipolar couplings were thus investigated in
the static situation, the resulting AP DQF spectrum exhibiting clean suppression
of the signals from unlabeled (natural abundance) species. It has been shown
more recently that sensitivity-enhanced DQF spectra of static powder samples
may be readily obtained by employin$ a detection scheme with a CPMG train.''**

Menger et al.'*” also observed the *C~'C connectivities via dipolar couplings
in rotating solids, employing the two-pulse Jeener experiment, as well as DQF
spectra. For the latter case, a DQ preparation time 7 (200 pus) was used that was
significantly shorter than the rotor period (500 ps). Experiments were performed
on a doubly labeled sample of glycine. The customary refocusing n pulse is
omitted during the DQ preparation under MAS conditions, because it would
scramble the magnetization vectors of nuclei in different crystallites, preventing
the occurrence of rotational echoes.

A DQF for rotating solids was discussed by Meier and Earl.'*! Doubly '*C-
labeled zinc acetate was employed. A time reversal pulse sequence was
employed to generate DQC. The authors observed the '*C-'C scalar coupling
between the carboxyl and methyl resonances, as well as a shift of 31 Hz in the
center of both resonances, arising from the homonuclear dipolar coupling.

Tycko and Dabbagh'* showed that spectral simplification and molecular
structure determination is possible employing the DRAMA sequences to generate
non-zero dipolar couplings under MAS and thence acquire a DQF spectrum. The
authors demonstrated this approach in the '?C MAS spectra of two experimental
systems that were mixtures of organic compounds: one in which the resonances of
doubly 13C-labeled (CH;),COHSOsNa were retained while filtering out the natural
abundance responses from unlabeled N-acetyl-L-valine; and a second in which
the resonances of the f and y as well as the S-methyl positions of methionine - HCI
labeled with '°C at the S-methyl position were retained, while suppressing the
natural abundance responses from unlabeled N-acetyl-L-valine.

*C DQF MAS NMR has been applied to correlate pairs of '>C nuclei in
synthetically labeled DNA oligomers by Gregory et al.'*’ and in proteins and
peptides by Bower et al.'** DQ-DRAWS, a modification of DRAMA, was
introduced for this purpose, improving the performance in the presence of large
chemical shift offsets and anisotropies. The sequence, shown in Figure 28, is
named for ‘dipolar recovery with a windowless sequence’ and has been adapted
to create DQC as well as to perform conjugate mixing down to SQC. It has been
shown that the mutual orientation of two or more CSA tensors may be
determined with high accuracy employing this sequence.

Gregory et al.'"” have shown that inter-strand distances in fibrillar B-amyloid
peptides (the primary components of the plaques associated with Alzheimer’s
disease) could be determined with DRAWS, with only a single isotope label.
Figure 29 shows CP/MAS and DQ-DRAWS spectra for two 1-13C-Va1—AB(10_35)
samples, one prepared as fibrils and another isolated as an ether precipitate.
The ether precipitate shows no evidence of a '>C->C coupling, the DQ effi-
ciency measured being 3.8%. The fibrilized amyloid sample, on the other hand,
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Figure 28 Double quantum MAS pulse sequence using DRAWS for preparation and
reconversion (DQ-DRAWS). Preparation of DQC is performed with an initial state of transverse
magnetization of the C spin pair, generated by cross-polarization from H; protons are
subsequently decoupled throughout the experiment at a higher power level off
Hartmann—Hahn match.

exhibits a DQ efficiency of 13.2%, establishing the presence of an intermolecular
dipolar contact in this case. The corresponding distance is estimated to be 4-6 A

The structure of surface-immobilized peptides, covalently bound to alkane
thiolates that are self-assembled as monolayers on colloidal gold nanoparticles,
was determined by Bower et al.'*® Secondary structure was quantified with the
Ramachandran angles ¢ and . These were determined by measuring the
distance between backbone carbonyl °C spins, with DQF dipolar recoupled
spectra employing a windowless sequence (DRAWS/DQ-DRAWS), and by
determination of relative orientation of CSA tensors of carbonyl >C spins on
adjacent peptide planes by DQ CP MAS spectra.

Heteronuclear DQ MAS NMR in dipolar solids was discussed by Saalwéchter
et al.'"” SYNCHRON4 is the pulse sequence applied to both spin channels
(essentially, a 90° pulse pair with refocusing pulse in the middle on each channel,
the 90° pulse spacing being half the rotor period). Reconversion is symmetric
with the excitation, but is supplemented with a z filter prior to detection. The
authors showed that the heteronuclear double quantum spinning sidebands that
result are sensitive to heteronuclear distance, as well as the relative orientations
of the chemical shift and dipolar tensors. The technique was demonstrated on the
model system of deuterated ammonium formate, which comprises an isolated
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Figure 29 Solid state BC NMR spectra of 1-13C-Val18-AB(1o,35) mixed with a small amount of
hexamethylbenzene (HMB). HMB resonances appear at 132 and 16 ppm. The broad resonance at
170 ppm in spectra at the left results from fibrils and the corresponding resonance at 175 ppm
in the spectra on the right results from ether precipitate. The spectra at the top are CP-MAS
spectra, while those at the bottom are DQF CP-MAS spectra employing the DQ-DRAWS
sequence. Reproduced with permission from ref. 125; Copyright Elsevier.

®C-"H spin pair at natural abundance of >C. The pulse sequence may also be
used as a heteronuclear DQF that provides information about heteronuclear
couplings. This allows differentiation of quaternary and CH,-bonded carbons.
Bisphenol A polycarbonate with '*C at natural abundance was employed to
demonstrate the elucidation of '*C-"H dipolar proximities by this method.

Verel et al.'® demonstrated the application of the transition-selective
INADEQUATE CR sequence for J-mediated DQF in the solid state. The authors
investigated [1,2-'°C,lglycine-enriched N. madagascariensis drag line silk and
further characterized the behavior of the sequence for this application, on
[2,3-"*C,lsodium propionate. They also developed subsequently'* an S® version
of the INADEQUATE experiment and demonstrated its application on protein
systems, significantly improving the spectral resolution of the crowded C'—C”*
region of two peptides, ubiquitin and HET-s(218-289), owing to the avoidance of
J splittings in both dimensions of the 2D experiment.

Heindrichs et al."” discussed MAS DQ filtered dipolar shift correlation
spectroscopy. This experiment is useful at establishing through-bond connectiv-
ities. Diagonal peak intensities are significantly reduced even with U~'*C-labeled
model amino acid systems.
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Peptide backbone conformations have been obtained in powders under *C
MAS by Blanco and Tycko'®' using DQCSA on doubly (or more highly) labeled
samples. They employed constant time double quantum evolution, which occurs
at the sum of the anisotropic chemical shifts, resulting in characteristic >C
sideband intensity patterns that reflect the relative orientation of the CSA tensors;
these in turn reflect dihedral angles of the peptide backbone. The authors
employed RF-driven recoupling for DQ excitation.

Mueller et al."** demonstrated a uniform-sign cross-peak double quantum
filtered COSY experiment for '°C in solid state, as a through-bond correlation
method for disordered solids. This is a refocused version of the DQF COSY
experiment in solution state and yields doubly absorptive lineshapes. The
authors showed that it is robust when performed even under 30 kHz MAS and at
natural abundance of "°C.

Dipolar dephasing of DQCs was investigated by auf der Gilinne ™ to
determine effective dipolar couplings as well as homonuclear distances and
dipolar lattice sums between spin-1/2 nuclei. It was shown that constant time
data sampling can be combined with dipolar dephasing to compensate for
relaxation effects and only two experimental data points are necessary for a
distance measurement. The approach has been demonstrated on [**C]-alanine.

Riedel et al.'®* showed that broadband homonuclear DQF C-13 shift
correlation is possible with moderate RF fields of ca. 40 kHz at high MAS speeds
of ca. 20kHz with an RFDR zero quantum dipolar recoupling sequence. The
authors demonstrated this approach on a sample of histidine, in both double
quantum filtered COSY and double quantum spectral modes.

Homonuclear scalar couplings in solids have been measured by Cadars
et al.'” in isotope-enriched species employing a z filter. The approach was tested
on "*C-labeled polycrystalline L-alanine. The procedure is also valid for fully or
partially enriched liquid or solid samples and has been applied with a selective
DQ filter to **Si-enriched surfactant-templated layered silicates that lack long-
range 3D crystallinity. The pulse sequence that may be employed to this end is
shown in Figure 30.

Matsuoka and Schaefer'*® described DQF rotational echo double resonance.
13C—{’>N} REDOR coincident with *C-13C J evolution for DQF was employed.
This removes the natural abundance '°C background.

Matsuoka and Schaefer'®” have introduced, further, a °C dipolar DQF (D-
DQF) rotational echo ">C{*H} double resonance experiment (REDOR) as well.
D-DQF excitation and reconversion precede the REDOR evolution period. The
homonuclear dipolar coupling of a directly bonded '*C-'>C pair has been used to
create a dipolar DQF to remove natural abundance 3¢ background in BC?H)
REDOR. The efficiency of this approach is at its best when D-DQF excitation and
reconversion precede the REDOR evolution period. The technique was
demonstrated on a test sample of mixed recrystallized labeled alanines.

Oyler and Tycko'”® have discussed the conformational constraints obtained
on uniformly "N, "*C-labeled polypeptides from double single-quantum-filtered
(DSQ)-REDOR experiments. Here, the term ‘double single quantum’” refers to a
sum of heteronuclear zero and DQCs of the type I,S, In this experiment,

133
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Figure 30 Pulse sequence for selective through-bond DQF. After CP, the magnetization is
stored longitudinally to enable subsequent selective excitation of the desired resonance. The
transverse magnetization of the selected spin is then transferred through homonuclear J
couplings to bonded neighbors via a refocused INADEQUATE block. The length of the 7, delay
is experimentally determined for optimized through-bond transfer.

e

frequency-selective REDOR is employed to prepare DSQ coherences involving
directly bonded backbone 13CO and °NH sites, dephase these coherences under
longer range '"NH-">CO dipolar couplings in a conformation-dependent
manner, and convert the remaining DSQ coherences to detectable transverse
3C magnetization. At least two sequential residues need to be uniformly labeled
for application of this strategy. The technique has been demonstrated by the
authors on two isotopically labeled systems, the helical peptide MB(i+4)EK and
the amyloid forming peptide ABi;_ss.

Lopez et al."” employed DQF homonuclear MAS NMR "’C correlation
spectra to investigate membrane proteins. They combined double quantum
filtering with '*C-"°C dipolar-assisted rotational resonance (DARR) experiments
to yield correlation spectra free of natural abundance contributions, which would
otherwise result in detrimental diagonal peak intensities. They investigated both
DQ filtering prior to evolution (DOPE) and after mixing (DOAM), demonstrating
their approach on *C-cys-labeled proteorhodopsin, a 27 kDa membrane protein.
Their studies demonstrate that DQF DARR experiments allow through space
constraints to be obtained for structural studies on ligands bound to membrane
receptors, or on small fragments within large proteins.

DQF >C NMR studies of a series of doubly '*C-labeled rhodopsins have been
undertaken by Concistre et al.'*’ at MAS speeds of 7kHz and temperatures
below 120K, before and after illumination at 420 nm for 10 h. The DQF strategy
results in clean suppression of the natural abundance '°C signals from the protein
and lipid. The spectra obtained after illumination have at least one peak that is
clearly split compared to the spectrum before illumination, indicating the
formation of bathorhodopsin.

3.23 P studies
Kubo et al.'"*' presented INADEQUATE driven by either spin diffusion or |
coupling in solids under MAS, employing a simple solution state-like
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preparation strategy commencing with cross-polarization. They demonstrated
these experiments on the two-spin *'P systems of sodium pyrophosphate
decahydrate, Na4P,O;-10H,O, and tetraphenyldiphosphine-1-oxide (C¢Hs),
PP(O)(CeHs),.

Franke et al.'** discussed the X-Y heteronuclear DQ MAS NMR experiment
for crystalline inorganic solids. The experiment involves the generation of
heteronuclear DQCs of abundant slp spins and rare 113Cd, 77Se, or 2Si spins. The
method relies on the presence of heteronuclear | coupling between these spins.
Chemical shift evolution of heteronuclear DQC is involved, thus indirectly
reporting on the rare spin resonance. The pulse sequence also acts as a DQF,
offering heteronuclear correlation and spectral editing capability. The authors
reported their investigations of three crystalline solids by this technique, viz.,
CdSiP,, CdGeP,, and Ag;PSes.

Franke et al.'*® showed that in aprotic solids, ceramics, and glasses, cross-
gﬁolarization and heteronuclear DQF MAS involving nuclei other than 'H (such as

p) permit spectral editing and site resolution in semiconductor alloys. Once
again, this experiment relies on scalar heteronuclear | coupling.

Auf der Giinne and Eckert'** reported high-resolution *'P DQ NMR for the
structural study of crystalline and glassy thiophosphates. DQC was created —
and reconverted — under MAS conditions by the C; sequence. DQ excitation
dynamics distinguish clearly between orthothiophosphate, pyrothiophosphate,
and hexahypothiophosphate, owing to the difference in the strengths of °'P
homonuclear dipolar couplings.

Double quantum filtered 2D exchange, rotational resonance, and hetero-
nuclear cross-polarization spectroscopies have been employed by auf der
Giinne et al.'"* on *'P to generate information on local environments around
31P sites in LiPs.

Bechmann et al."*® reported the *'P MAS and DQF MAS NMR near the
rotational resonance condition with n =0, as well as off-magic angle spinning
(OMAS) of polycrystalline Pt(II) phosphine—thiolate complexes.

Tseng et al.'*” have discussed DQF heteronuclear correlation experiments.
The DQ excitation profile is measured in a series of 2D experiments. Van Vleck
second moment measurements may be made in this mode. The technique has
been demonstrated on the model compounds hydroxyapatite and brushite. The
*IP homonuclear second moment of the apatite component in rat dentin has
been characterized, based on the results obtained for the model compounds. The
method may be used for the characterization of bone, enamel, and dentin.

3.2.4 'Xe studies

Brouwer et al."** have reported a DQF '*Xe experiment to probe Xe in multiply
occupied cavities in solid state inclusion compounds. Weak '**Xe~'*’Xe dipolar
couplings are recoupled under MAS. Because of weak dipolar interaction and
strong CSA, a robust recoupling sequence was essential, and SR26;"'*" was
employed. Experiments were performed on the xenon clathrate of Dianin’s
compound. The authors showed that the DQF NMR method is useful for peak

assignment in '*’Xe NMR spectra because peaks arising from different types of
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absorption/inclusion sites or from different levels of occupancy of single sites
can be distinguished.

3.2.5 Studies on quadrupolar nuclei
Vega et al.*’ discussed cross-polarization in a spin-1/2 (S)-spin-1 (I) system and
focused attention on the direct cross-polarization of the double quantum
transition of the spin-1 nucleus. Irradiating at the center of the quadrupolar
doublet, the Hartmann-Hahn match condition for double quantum cross-
polarization (DQCP) is given by:
2
P s (48)
®Q

DQCP is more efficient — as measured by proton order destruction — in both
spin lock and adiabatic ADRF modes, as compared to normal single quantum
cross-polarization. Further, Hartmann-Hahn matching is less critical for DQCP.
Finally, the ADRF mode leads to a higher CP efficiency than the spin lock mode
for DQCP as well. The authors reported '"H-"H measurements on dilute solid
benzene-d;.

Vega®” also described the cross-polarization processes between an abundant
spin-1/2 system and spin-3/2 system in solid state, and derived conditions for
single, double, and triple quantum cross-polarization of the spin-3/2 system.
Experimental verifications of the various Hartmann-Hahn conditions were
performed for *?Na-'H spin lock cross-polarization on a single crystal of sodium
ammonium tartarate tetrahydrate.

In some early work, Eckman et al."®® demonstrated double quantum NMR of
H under MAS conditions, working with polycrystalline 28% randomly
deuterated ferrocene-dy,, rotating at 1.11 kHz. They employed an evolution time
increment that equaled the rotor period and showed that the DQ spectrum is far
less sensitive to the accuracy and stability of the magic angle setting than is the
standard single quantum spectrum.

Chandrakumar et al."”' showed that in selectively deuterated plastic crystal-
line powders rotating at the magic angle, essentially clean separation of the
double quantum chemical shift from the quadrupolar coupling could be obtained
by a rotor-synchronized experiment in which the start of the scan is synchronized
with the rotor and the evolution increment equals the rotor period; in turn,
rotation speeds were kept much smaller than the quadrupolar coupling, so that
DQC may be prepared by the standard preparation sequence. While the
quadrupolar coupling is essential to prepare DQC, the evolution of DQC is
however independent of the first-order quadrupolar interaction. Recall that for
spin-1 systems, we have:

[12,1,] = i[l,, L], il12, 1L, L], ] = L,

—imel? ioaI? . (49)
= e W[ @k = [ cos wqt + [I, 1], sin wqt

Here, [Ii,I]']+ = LI] + I]L
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With a second 90° pulse of the same — or opposite — phase as the first,
therefore, a state of DQC of phase vy is created, viz., £I[I, I, ]..
On the other hand, we have:

[If, [Ixaly]+] =0 (50)

As a consequence, DQC does not evolve under the first-order quadrupolar
interaction.

The authors thus demonstrated with their experiments on 3,3"-d>-norcamphor
and 3,3'-d,-camphor that this QUADSHIFT experiment permits the separation of
sites that are as close in chemical shift as 0.2 ppm, and allows correlating the
shifts with their respective quadrupolar couplings. The F, trace at the endo site of
the camphor species, shown in Figure 31, reveals strikingly the nature of the AP
patterns that would result on double quantum filtering. It may be noted that
since the quadrupolar interaction is traceless, the parallel and perpendicular
couplings are of opposite sign, having a 2:—1 ratio. Consequently, the intense
inner set of sidebands from the perpendicular orientations reveals an AP pattern
that is the negative of the AP pattern from the weaker outer set of sidebands from
the parallel orientation.

Man'>* described the detection of DQC in spin-5/2 systems, excited by spin
lock sequences. First-order quadrupolar interaction was taken into account.
Predictions were made and experimentally verified on a static single crystal
sample of corundum (a-Al,O3) for Al In such experiments, MQCs excited by
the first pulse are detected at the end of the spin lock pulse as single quantum
transitions.

Double quantum filtered satellite transition MAS experiments have also been
proposed by Kwak and Gan.'”® A CT-selective  pulse converts the first satellite
transition (ST;) SQC to DQC, by inversion of the +1/2 energy levels, while

ao—[-_2
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Figure 31 An F, trace from a 2D *H QUADSHIFT experiment run at 46.1 MHz on
[3,3'-*H,]camphor. The F, trace with the sideband pattern observed for the endo site is
displayed; scale relative to the transmitter offset. Spectral widths: 400 Hz (F;) and 50 kHz (F5);
96 points in t;, each with 240 scans repeated every 55, zero filled to 512 points; 1k points in t,,
zero filled to 2k points. Preparation time: 90 us; MAS speed: 0.8 kHz. Estimated quadrupolar
splitting 2vq is of the order of 8 kHz for the endo site in this molecule. Adapted from ref. 151;
Copyright John Wiley & Sons.
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leaving other spin states undisturbed. Clean ST MAS spectra of I = 3/2 and 5/2
have been obtained, respectively, on RbNO; and AIPOy-berlinite, with efficient
suppression of diagonal peaks and other unwanted peaks (e.g., ST, —CT).

Painter and Duer'”* showed that, working with CTs, dipolar interactions
between quadrupolar nuclei with half-integer spin permit DQCs of the CTs to be
excited without recoupling sequences even under MAS conditions. They
demonstrated applications to 2D DQF correlation spectra of three distinct *’Na
sites in Na,ZrO;. DQ excitation was accomplished by a 90° pulse pair, or by a
single pulse under which rotational resonance is achieved for the sum or
difference of nutation frequencies of the two spins.

Ashbrook and Wimperis'*®> demonstrated rotor-synchronized acquisition of
DQF satellite transition spectra of quadrupolar nuclei with half-integer spin. In
their work, a CT-selective n pulse was used to effect DQ excitation as well as
reconversion.

Hwang et al.'”® demonstrated DQF *H experiments on water in MCM-41.
Long soft RF pulses were used for T,, DQF NMR, followed by an observe pulse. It
was found that the residual quadrupolar interaction dominates the signal decay.

Mali et al."”” have shown that DQF spectra of half-integer quadrupolar nuclei
show substantial dependence on magnitudes and relative orientations of the
dipolar and quadrupolar coupling tensors. Employing symmetry-based recou-
pling schemes on the aluminophosphate molecular sieve AIPO,-14, they showed
that symmetric schemes involving incrementation of both excitation and
reconversion periods are good at providing distance information, while
asymmetric procedures involving incrementation of the excitation period alone
provide information on relative tensor orientation.

3.3 Spatially resolved NMR

3.3.1 In vivo studies

Thomas et al."”® described localized 'H DQF spectroscopy to obtain localized,
water-suppressed spectra of J-coupled metabolites. Their work was done in ISIS
mode, which is basically an eight-step procedure to achieve volume localization.
The authors analyzed the behavior of AX and AXj; systems under this
experiment. They presented results on phantoms of carnosine, alanine, and
ethanol in aqueous solution.

Jung and Lutz' described single shot localized DQF spectroscopy for
spectral editing of human in vivo 'H spectra. The sequence, shown in Figure 32,
was implemented on a 1.5T whole-body imager.

All four RF pulses of this sequence are slice selective. In the experiments,
results of which are shown in Figure 33, a body coil was employed for excitation,
while a Helmholtz coil was used for signal detection. 100 millimolal calcium
lactate and 400 mmolal acetic acid were used in a phantom. The voxel size was
(13mm)°. Gradients were set to 0.002mT/m. In the double quantum filtered
spectra, notice the suppression of the acetic acid signal and the appearance of the
methine proton signal at low field; spectrum (a) is the normal double spin echo
spectrum with an echo time TE of 145ms; spectrum (b) was acquired with the
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Figure 32 Localized single shot double quantum filter. The first three RF pulses create DQC
at the time © = (2J)', which evolves during the time A under the switched field gradients. The
o pulse reconverts the DQC back into observable SQC so that an echo occurs at 2A after the
o pulse because at this time the effect of the gradients is compensated for this coherence
pathway. With © = 2A = (2J) ", the doublets of an AX system are in phase. Uncoupled signals
are eliminated by this process.

echo time set to 145 ms ((J)"), while spectrum (c) was obtained with the echo time
mis-set to 100ms and exhibits phase anomalies. Measurements were also
successfully carried out on normal volunteers as well as on a patient who had
chondroblastoma in the distal femur, 14 days after chemotherapy.

v-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter for the
normal function of mammalian and human brain. However, owing to low
concentration and spectral overlap with other signals, especially those from
creatine (Cr), glutathione (GSH), as well as macromolecules, GABA is relatively
difficult to detect. DQF experiments have therefore turned out to be of
considerable significance for this application.

Yield enhancement of DQF designed for edited detection of GABA has been
described by Wilman and Allen.'® The GABA A, multiplet (triplet at 3 ppm) is
edited from the Cr singlet in the proton spectroscopy of brain. The signal-to-noise
ratio of the DQF is significantly enhanced primarily by significant reduction in
transverse relaxation losses, accomplished by shortening the filter sequence by
ca. 70%, shortening the initial preparation period and eliminating the refocusing
time prior to start of acquisition, as well as by employing a selective read pulse.
The acquisition of AP magnetization is possible in this case since the two-spin AP
components are separated by 2], as opposed to the three-spin AP term which
involves a separation of only J. The filter design was verified in vitro on phantoms
of GABA in D,O, and the suppression of Cr by more than a factor of 1,600 was
demonstrated on rat brain extracts.

Lei and Peeling'®" described simultaneous spectral editing for GABA and
taurine by DQ coherence transfer (similar | values). A dual band coherence read
pulse was employed. The pulse sequence is shown in Figure 34. It was
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Figure 33 Volume localized 'H spectra of a solution of 100 mmolal calcium lactate and

400 mmolal acetic acid in water. Cubic voxel: 2197 ml; the irradiation was done with a body
coil, while signal reception was performed with a Helmholtz coil, operating on a 15T

(63.57 MHz) whole-body MRI system. (a) Spectrum acquired employing a point resolved
spectroscopy (double spin echo, PRESS) sequence: water suppression was performed by
frequency-selective saturation, the echo time TE being 145ms, with a repetition time TR of 6s.
The lactate CH; doublet is inverted w.r.t. the acetic acid singlet because TE = (J)~". (b) DQF
spectrum obtained with: 2t = 145ms = (J) ', & = 120°, A = 20 ms, TR = 10s. The edited
spectrum was suitably phase corrected to absorption mode. (c) DQF spectrum obtained with:
27 =100 ms, other parameters as in (b). In comparison with (b), phase anomalies exist because
1#(2J) . Reproduced with permission from ref. 159; Copyright Elsevier.

implemented on a 7T/21cm system, with a 3cm diameter saddle coil for
transmission and reception. Results were demonstrated on a 2.5cm diameter
cylindrical phantom composed of 15mM Cr, and 20 mM each of choline, GABA,
and taurine in saline solution. The peaks indicated in spectrum A of Figure 35 are
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Figure 34 A double quantum coherence transfer pulse sequence for spectral editing. G; and
G, are gradient pulses with equal duration (typically, 1ms) and with 1:2 amplitude ratio for
selection of the DQC pathway (Gpg), G; being 32mT/m. 7; = t—t; and 7, = 7+t;.

assigned as: 1 — choline (B-CHy); 2 — Cr (CHy); 3 — choline (¢-CHy); 4 — taurine
(S-CH,); 5 — taurine (N-CH,); 6 — choline (CHj3); 7 — Cr (CH3)+GABA (y-CH,);
8 — GABA (¢-CHy); and 9 — GABA (B-CHy). The authors applied their experiment
to rat brain tissue in vitro as well.

Du et al.'*” described the sensitivity-enhanced detection of GABA in vivo by
localized DQF. The authors demonstrated their DQF editing with selective
DANTE readout at 4.1T, resulting in robust suppression of Cr and GSH signals,
the efficiency of editing being 40-50% on a phantom comprising 50 mM GABA
and 61 mM choline. At the long echo time employed (77 ms), macromolecular
signal contaminations were negligible. Applied to healthy volunteers, the mean
GABA level was measured as 1.12mM concentration in the occipital lobe, as
compared to 7.1 mM Cr concentration. A volume-selective DQF sequence based
on point resolved spectroscopy (PRESS) was employed and is shown in Figure 36.

3.3.2 Studies on soft materials

Schneider et al.'® reported dipolar-encoded longitudinal magnetization, as well
as DQ and TQ filters as contrast filters for 'H imaging of residual dipolar
couplings in elastomers. The authors demonstrated these experiments on
commercial 1,4-cis-poly(isoprene), employing a spin echo imaging procedure
following the preparation module to generate the desired contrast.

Wiesmath et al.'®* described DQF NMR signals in inhomogeneous magnetic
fields, applied with the NMR MObile Universal Surface Explorer (MOUSE). A
mismatched excitation reconversion sequence, MERE, was employed. The sequence
involves a mismatched reconversion time, 7', as shown in Figure 37. 0 and 20 pulses
are employed, as customary with surface coils. 7 is set to the maximum of the DQ
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Tttt
44 4.0 3.6 32 2.8 2.4 2.0 1.6 1.2 ppm
Figure 35 Spectra acquired from the solution phantom without spectral editing (A), with GABA
editing (B), with taurine editing (C), and with GABA and taurine editing (D). Spectra B, C, and D
have been scaled x 2 relative to A. Reproduced with permission from ref. 161; Copyright Elsevier.

buildup curve; t; is a short, constant duration; 7" is varied keeping wpt'«1,
7'« T . Here, wp is the dipolar coupling expressed in angular frequency units.
The authors recorded the DQ buildup and decay curves for a series of
cross-linked natural rubber samples. DQ decay curves turn out to have a better
signal-to-noise ratio in the initial time regime than DQ buildup curves.
Quantitative ratios of the total proton residual dipolar couplings are obtained
from the curves, in good agreement with measurements in homogeneous fields.
A linear dependence was found of these ratios on the sulfur-accelerator content.

3.3.3 Diffusion studies
An experiment designed to measure the apparent diffusion coefficient (ADC) of
lactic acid in vivo has been reported using DQ coherence transfer spectroscopy by
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Figure 36 A modified PRESS sequence which generates MQC following the first three pulses,
preceded by a water suppression sequence (not shown in the figure). The gradients G; and G,
have the amplitude ratio 1:2. The delays t; and t,, are for preparation of MQC and MQC
evolution, respectively. The 90° reconversion pulse may be chosen to selectively detect the
peaks of interest, for example, by employing a suitable DANTE train to select the GABA B-CH,
signal.

Excitation Evolution ;Ieiz(l:i’t;l'ls?gn Detection
|« —|
20x+a¢ 20X 20y 20y 20y
Ox+a0 Ox+ad Oy Oy Ox

|e—T1—> |t > |[e—T—> | T > |1 p|€Tp|Tp}—> Time
Figure 37 A five-pulse sequence with an arbitrary flip angle 0, including a z filter (of duration
7o) at the end and supplemented by partially refocusing 20 pulses for measuring DQF
coherence decay curves. A short, constant DQ evolution time t; is employed. The preparation
time 7 is also kept fixed at the optimum DQ buildup time, while 7’ is varied to measure the
DQ decay curve.

Sotak.'®® The pulse sequence is shown in Figure 38. In addition to the molecule
selectivity inherent to the method (e.g., discrimination from strong lipid signals),
it is to be noted that the effective y of the nuclear spin concerned gets doubled
under these conditions, owing to the twofold sensitivity of DQCs to field
gradients as noted earlier (see Section 1.1). The diffusion-controlled echo
attenuation has the well-known exp(—y°¢*’D3(A—3/3)) dependence, implying
that for a given diffusion encode/decode gradient amplitude g, the exponent is
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Figure 38 MQCs are prepared by the standard three-pulse sandwich, with the effects of pulse
imperfections of the refocusing 180° pulse being minimized by the spoiler gradients that flank
it. A frequency-selective 1-3-3-1 pulse is employed to achieve selective reconversion of MQC.
Coherence order selection is achieved by the darkened gradient pair, the members of which
have a 1:2 amplitude ratio for DQC. G, indicates the diffusion encode—decode gradient pair.

consequently multiplied by a factor of four. In their experiments, Sotak et al.
applied the diffusion encode and decode gradients along the z direction during
the DQ evolution time t;, symmetrically around a refocusing 180° pulse. The
authors employed the model system of N-acetylalanine to validate the method
and went on to perform it on a nude mouse on which a human tumor xenograft
was implanted subcutaneously on the back.

Heteronuclear DQC selection by gradients in diffusion experiments was
described by Kuchel and Chapman.'®® They demonstrated their approach on the
"H-*'P coupled system of neutralized phosphorous acid (HPO(OH),) in water.
This approach results in a 3.5-fold reduction of gradient amplitude for *'P PGSE,
the sum of y of the two nuclei involved in the DQC being 1.4 relative to 1 for 'H
(ca. 0.4 for *'P).

Sendhil Velan and Chandrakumar'®” demonstrated a diffusion experiment
which excites MQC in solution state (e.g., two-spin DQC of the ethyl group in
ethanol), diffusion encodes it during an incrementable refocused free precession
period t;, finally reconverts it into SQC, and decodes the diffusion with a rephase
gradient, followed by refocusing to form a spin echo whose second half is read
out. On Fourier transforming with respect to the systematically incremented
refocused free precession period, the multiple quantum | spectrum results. By
running two such experiments with and without diffusion encode/decode (or in
principle with two different pairs of gradient amplitudes for encode/decode), the
effects of diffusion are manifested as an additional line broadening in this
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dimension, which has a small spectral width — as determined by the couplings
alone. This circumstance permits an accurate evaluation of the diffusion
coefficient. On Fourier transforming with respect to f;, the F; linewidth in
magnitude mode is given by:

V3 /1
A — '\72 252 51
V1/2MQ = <T2+” 8 GD
90¢ 180¢ 90+ 180y (a)

RF I I I I I

Gy
6, A

¢ 180¢ oe+y 180 90y 180 (b)

2 2
RF

AQ ]

Figure 39 (a) Pulse sequence for multiple quantum J spectroscopy. The coherence selection
gradients (G; and G, in the amplitude ratio 1:2) are given immediately before and after the
90° reconversion pulse. G; and G, are spoilers. The arrow indicates the start of data
acquisition from the echo maximum. The phase i/ equals 0° for even quantum excitation. y is
0° for the odd quantum case and 90° for the even quantum case. (b) Pulse sequence for
multiple quantum J spectroscopy with diffusion encoding in the F; dimension. The coherence
selection gradient G; is given immediately after the preparation sandwich and G, is given after
the 90° reconversion pulse. G; and G, also serve diffusion encode and decode purposes,
respectively. All other symbols are as in (a).
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The diffusion coefficient D may then be easily retrieved by comparing the pair
of experiments. Values of D obtained by this procedure are in satisfactory accord
with standard values in test cases. The pulse sequence is shown in Figure 39.

One advantage of the multiple quantum version is that the n quantum
linewidth has an n” dependence on D, thereby facilitating the measurement of
smaller D values; alternatively, the diffusion encode gradient, which is issued
during the n quantum evolution time, needs to be only (1/n)th of the normal
single quantum diffusion encode gradient.

As an example from their work, a simple application to ethanol is shown in
Figure 40.

Momot and Kuchel'®® described phase-sensitive convection compensating
diffusion experiments with gradient selected homonuclear DQ filtering. In this
application, DQF may be used for either solvent suppression or spectral editing.
The method has been demonstrated on 3.16% (w/w) of propofol in chloroform
and 1% (w/w) propofol and 10% (w/w) solutol HS15 in D,O-saline. The
technique is expected to offer advantages in diffusion measurements on
spectrally crowded systems, for example, small molecules solubilized in colloidal
solutions or bound to macromolecules.

1 1 i i 1 L - I 1 L 1 L 1 A 1 1 i
40.0 30.0 20.0 10.0 -0 -10.0 -20.0 -30.0 -40.0
HERTZ

Figure 40 Double quantum J spectrum of ethanol (A,X; spin system), arising from the AX
DQC. Upper trace shows the maximum intensity column corresponding to the peaks at +//2,
with a linewidth of 1.14 Hz in the absence of diffusion encoding. The lower trace shows the
corresponding column of the diffusion-encoded peaks, with a linewidth of 1.47 Hz, the
dephasing gradient being 4.66 G/cm. The experiments were carried out at 300 MHz with an
actively shielded microimaging probe head. Ref. 167, Copyright Indian Academy of Sciences.
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4. CONCLUSIONS

DQF NMR studies — as the name implies — serve to simplify NMR spectra by
filtering out certain responses of the spin system under investigation, which are
not of relevance in the context of the study being undertaken. The excitation and
reconversion of double quantum transitions lie at the heart of 1D DQF NMR
studies, while their evolution in the intermediate period gives rise to 2D double
quantum experiments. The strategies for excitation of DQCs are remarkably
different in solution state under scalar couplings and in solid state under dipolar
(or quadrupolar) couplings. While the venerable two-pulse sandwich —
augmented if required with a refocusing pulse — may be used for excitation in
solution state or with static solids, a variety of recoupling schemes have been
introduced to generate DQCs mediated by anisotropic interactions under MAS
conditions. Multi-exponential relaxation offers yet another avenue for generation
of MQCs, especially in partially ordered quadrupolar spin systems when extreme
narrowing conditions of relaxation are not fulfilled. Recent DQ reconversion
strategies have involved COS® approaches or S® experiments, while reconversion
that is ‘time reversed’ relative to the preparation is the norm in the solid state. An
overview of a variety of applications of 1D DQF experiments in solution state,
solid state, as well as in spatially resolved NMR has been included, addressing
spin-1/2 systems as well as quadrupolar nuclei. Double quantum filtered NMR
will undoubtedly remain a fertile ground for further research, developments, and
applications, given especially the relatively widespread availability at present of
cryoprobes'®”'”? for solution state work as well as for microimaging and small-
animal MRI, and not only in the context of rare spin NMR, but also for proton
work.
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Abstract The 'H NMR spectra of partially aligned molecules become rapidly complex

with the increase in the number of interacting spins and the decrease in the
symmetry of the molecules. In the strongly orienting thermotropic liquid
crystals, the analyses of the complex spectra are very challenging due to
their second-order character. The numerical iterative calculations that are
generally employed for such analyses are tedious and time consuming. On
the other hand, in weakly ordering media such as bicelles or in chiral liquid
crystal solvent poly-y-benzyl-t-glutamate (PBLG), the spin systems are
weakly coupled and the first-order analysis is generally possible. However,
for the chiral molecules aligned in the chiral liquid crystal medium, the 'H
NMR spectra are not only complex, but also broad and featureless due
to large number of pair-wise interactions of nuclear spins resulting in
degenerate or near-degenerate transitions, in addition to an indistinguish-
able overlap of the spectra of enantiomers. This enormous loss of resolution
severely hampers the analyses of proton spectra, even for spin systems with
five to six interacting protons, thereby restricting its routine application.
In this chapter, we report the diverse methods available to circumvent
the difficulties in the analyses of such spectra, in both strongly and weakly
orienting media. The discussion is devoted to recent methodological
developments in the context of spectral simplification, chiral discrimination,
and the discerning of the degenerate transitions.

Keywords: dipolar couplings; spectral simplification; chiral discrimination;
discerning of degenerate transitions; sign of the couplings; enantiomeric
excess; PBLG; DQSERF; multiple quantum; Soft-COSY; BASE-B-COSY

1. INTRODUCTION

The alignment of molecules in thermotropic liquid crystals to derive structural
information is extensively employed since its discovery." Several books,
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comprehensive reviews, and biennial reports provide the details of the
methodology and an account of the available literature.”'® The object of this
chapter is to give the detailed discussion on the current developments in the field
to aid the analyses of complex '"H NMR spectra of both strongly and weakly
dipolar coupled spins. The chapter has been divided into two parts. In the first
part, the methodological developments in the field to simplify the analyses of
complex spectra of strongly dipolar coupled spin systems are discussed. In the
second part, the attention is given to the analyses of the '"H NMR spectra of
weakly dipolar coupled spins, viz., molecules aligned in bicelles, in chiral organic
solvent poly-y-benzyl-L-glutamate (PBLG). Particularly in the chiral organic
solvent PBLG, where the differential ordering results in chiral discrimination,
though 'H NMR spectra are generally first order, there is a significant loss of
resolution due to several short- and long-distance dipolar couplings experienced
by each coupled spin in addition to indistinguishable overlap of the spectra from
the enantiomers. The recent developments of the methods for overcoming such
difficulties with emphasis on the unambiguous discrimination of the spectra for
each enantiomer, achieving enhanced resolution, spectral simplification, and
discerning of the degenerate transitions are discussed. The discussion is
restricted to studies on small molecules.

2. MOLECULES ALIGNED IN THE LIQUID CRYSTALLINE PHASE

Since its discovery,' the technique of deriving the structural information by
aligning the molecules in liquid crystals has been extensively practiced. For a
small solute molecule dissolved in a nematic phase, the anisotropic environment
of the liquid crystal provides an orientational order and a high degree of mobility,
that is, a translational disorder. Consequences of these phenomena are the
presence of finite intramolecular dipolar couplings among the spins and the
averaging of all inter-molecular dipolar couplings to zero. The proton NMR
spectrum of such a sample generally consists of sharp resonances from dissolved
molecules riding over a broad background of a large number of resonances
arising from the liquid crystal protons. The consequence of the orientation of the
director in the magnetic field is the sharp lines for the solute molecules. However,
it should be pointed out that not all liquid crystals align in the magnetic field.
There are situations when broad lines are observed. An example could be a
smectic A liquid crystal possessing a high temperature nematic. Initially the
solute molecules give rise to broad lines. When the sample is heated and cooled
to the nematic phase, keeping the sample in the magnet results in sharp lines for
the dissolved solute molecule. Furthermore, in general, the degree of order of
the solvent is high and that of solute is an order of magnitude lower. Thus, the
spectra of the solute molecules clearly emerge out into sharp, well-resolved
transitions from the background of the solvent. There is an unusual example
where the dissolved solute molecule exhibits high order comparable to that of a
solvent.'” Even in such a case, sharp resonances are observed. This fundamental
difference of obtaining well-resolved transitions dominated by intramolecular
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dipolar couplings, when compared to solids and liquids, is the basis for
advancement of NMR spectroscopy of molecules aligned in liquid crystals.

2.1 Hamiltonian of an oriented system

For spin (1/2) nuclei, the Hamiltonian governing the NMR spectra of aligned
molecules is given by the following equation:

H=-> (1-ox—opvols + > (g + 2Dl
k K<l

D
23S~ DT} 4TI
k<l

In the above equation, [i; and o) represent one-third of the traces of the
corresponding tensors and are identical to the indirect spin—spin couplings and
chemical shifts measured in the high-resolution NMR in the isotropic media. o},
correspond to the shielding constant observed in the anisotropic media. Dy is
the direct dipolar coupling. The Hamiltonian for the oriented systems differs
from that of the isotropic ones in that there are additional terms, viz., chemical
shift anisotropy and the dipolar couplings. These parameters are finite in
the anisotropic media. Thus, in Equation (1), the substitution of (1—g;) for
(1 — o —0}) and [y for (Jy+2Dy) and (Ju—Dy) provides the total Hamiltonian
for an isotropic system. The parameter Ji; also has the anisotropic part and
contributes significantly in some cases. However, of the various parameters in
the anisotropic media, the dipolar interaction is of significant relevance in the
structure determination and has been the choice of measurement in many
structure calculations. While dealing with the molecules aligned in chiral liquid
crystals the chemical shift anisotropy, and for nucleus with spin >1/2 the
quadrupolar couplings are important. Therefore, a brief discussion on these

interaction parameters is given below.

2.2 Chemical shift in isotropic phase

In isotropic liquid, the molecules undergo rapid tumbling motion to cause
orientational disorder. This leads to motional averaging of the chemical shift
Hamiltonian and is given as

~ CS,i 1505

.7 = —9hBoslL )
where 95 = (1/3)(5%, + 5@ +05) is the motional average of overall
molecular orientations. The chemical shift in terms of Larmor frequency can be
written as:

¢

o) = —yphBo(1 4 5£°) 3)

In terms of interaction Hamiltonian, one can write:

~ static ~ CS,iso

(B, = B 4+ F™) 4)
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2.3 Chemical shift in anisotropic media

There is a translational disorder and orientational order for the molecules in
anisotropic liquid. The orientational order leads to non-zero ensemble average.
The chemical shift interaction of spin I is:

~ CS A
H," =~ —yhd* (0)Boly, 5)

The o* (6) is the motional average of the tensor element o (0) of the above
equation and is given as

L) = [ d0 s op0) ®

where p(0)d0 is the probability that the molecule can be found with an orientation

in the range 0 to 0 + d6. However, 85 () is not equal to §;°. The anisotropic effect

results in the shifting of peaks from their isotropic positions.

2.4 The dipole—dipole coupling

Each nuclear spin produces a small local field around it. The magnitude and
direction of the spin magnetic moment determine the strength and direction of
the local magnetic field. A second nuclear spin in the vicinity interacts with this
small local field. The nature of the interaction is mutual. The interaction is
through space without the involvement of a chemical bond. The secular part of
theisdipole—dipole coupling Hamiltonian for homonuclear spin system is given
by

HBD(QH) = Du@lili — I - T)) 7)
HI?ID(HH) = Dkl%(ﬁkzjlz - %(ik-ﬁjl— + LIy ®)
where
Dy = akl%(3 cos” Oy — 1) )
and
g = _Ll;or“/i;“:h (10)

Here ry is the internuclear distance between the nuclei k and / as depicted in
Figure 1 and 7y, and y; are the magnetogyric ratios

COs Okl = €y * €y (11)

Here ¢ is the unit vector along the line joining the center of the two nuclei as
shown in Figure 1 and e, is the direction of the magnetic field (By). In the hetero-
nuclear case, the secular part of the dipole-dipole coupling Hamiltonian is given by:

~ DD A A
Hyy (0n) = DuliIr, (12)
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By
A
€y

Figure 1 The orientation of inter-nuclear vector with respect to the applied static field Bo.

24.1 Effect of dipolar coupling on spin system and its energy levels
The dipolar Hamiltonian can be written as a sum of two terms A and B, where

A= jkzjlz and B = (ijjl, + jk,jpr) (13)
The term A causes the first-order shift in energy to all the states as:
(e liclie o) (14)

The eigenfunctions of these product operators are simply the product Zeeman
states |aa), |of), |fo), and |SfB). As far as term B is concerned, there are non-
vanishing matrix elements in the matrix representation of this operator in the
Zeeman basis:

000 0
001 0
B =Du 10 0
000 0

This term mixes |off) and |fu) states and hence eigenfunctions of B are linear
combination of |«f) and |fx) functions. The consequence of this is a range of
frequencies and homogeneous line broadening. In heteronuclear system, only
the A part is responsible for the first-order shift in energy to all the states. The
heteronuclear and homonuclear dipolar coupling Hamiltonians do not commute
and it is difficult to remove heteronuclear coupling in the presence of
homonuclear coupling.

2.4.2 Dipolar coupling in isotropic liquids

In isotropic liquids, there is no orientational order as the molecules undergo
rapid molecular motion. The secular part of the intramolecular dipole-dipole
couplings averages to zero:

/ dgkl sin Bkl(3 COS2 le — 1) =0 (15)
0

where sin 0y is a probability factor.
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Thus

~ DD
Kkl

I
o

(16)

2.4.3 Dipolar coupling in anisotropic phase

As a consequence of anisotropic liquids possessing orientational order and
translational disorder, the intramolecular dipole-dipole couplings are not
averaged to zero. The secular part of the dipole-dipole coupling is

1
Dy =ay 5(3 cos? Oy — 1) (17)

where (3 cos? 0y — 1) is an ensemble average and 4y, is discussed in Equation (10).

2.4.4 Pseudo-dipolar coupling (J})

The experimentally determined dipolar coupling is the sum of the dipolar
coupling and the anisotropic contribution of the indirect spin-spin coupling (J3).
The multiplier of the spin operator for Jj; has the same functional dependence as
that of the dipolar coupling and hence [}, is also called pseudo-dipolar coupling.
The dipolar couplings obtained from the NMR spectra (Dy(expt)) are, therefore,
Dy + J;;. For a pair of protons, J; is usually negligible since the major contribu-
tion to Ji; comes from the spherically symmetric Fermi contact term. In such
cases, the measured direct dipolar couplings straightaway provide the geometric
information. For heavy nuclei such as fluorine, the contributions from [,
however, could be significant.]6

2.5 Quadrupolar interaction

Quadrupolar interaction dominates the spectra of nuclear spins with spin
angular momentum I greater than 1/2. Since the impetus in this chapter is on the
methods to simplify the analyses of proton NMR spectra of dipolar coupled
spins, this interaction term was not introduced in the expression for the
Hamiltonian given in Equation (1). This interaction, unlike other interactions
discussed earlier which are magnetic, arises due to interaction between the
electric quadruple moment of the nucleus and the electric field gradient. The
interaction is intramolecular. The quadrupolar interaction and Zeeman interac-
tion always compete to orient the same magnetic moment in different directions.
This leads to quadrupole perturbed Zeeman interaction in high By fields and
Zeeman perturbed quadrupole interaction in low By fields. When Zeeman
interaction is very large compared to the strength of quadrupolar interaction, the
secular approximation can be employed. The secular quadrupolar interaction
can be written as:

A

Q o
H = 026l — I -1y (18)

Here ka is the quadrupolar frequency.
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2.5.1 Quadrupolar interaction in anisotropic liquids
The quadrupolar frequency in an anisotropic medium is given by:
Q_ 3¢k i

_ 1
%% T —1) # (19)

Here Qy is the electric quadrupole moment of the nucleus, e the charge
of the proton, and V a component of the electric field gradient at the nucleus .
VX is an ensemble average over all molecular orientations weighted by the
probability of occurrence of each molecular orientation in the liquid crystalline
phase:

VE = / do VE (0)p(0) (20)

Because of the orientational order in liquid crystal, cokQ;éO.

2.5.2 Quadrupolar interaction in isotropic liquids

In an isotropic liquid, because of orientational disorder, a),? = 0. Hence, the
resonance position is unaffected. However, the relaxation is strongly influenced
by this interaction and affects line intensities and line widths.

2.6 The order parameter of a probe molecule aligned in
nematic phase

The dipolar Hamiltonian for the homonuclear spins is given by:

~ DD 1 (.~ & 1/~ & Aoa
Hy (00) = Dy 4 20k, = 5 (T Do + 111 ) 1)
2 2
In a liquid crystal
yh 1
Dy = —EO T 2 (3 cos? Oy — 1) 22)
i ry 2
1
Dy = —ay - 5 ((3 cos? Oy — 1)) (23)
with
Ho Yiyih
= 24
M= ) (24)

Dy, is the Cartesian second rank tensor and describes the orientation dependence
of the interaction. If there is no correlation between inter-nuclear distance and
((3 cos? Oy — 1)), then

Dy = —ay - %<(3 ('.'OS2 ekl — 1)><1’3l> (25)
ki
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For rigid solutes

1 1
=) == (26)
<’3kl> rl%l

Thus, Equation (25) can be written as:

D = =2 (Su) 27)
T

where Sy = ((1/2)(3 cos? 0y — 1)) is the orientation or order parameter of the axis
passing through the center of the nuclei k and I. The values of Sy; vary between
—0.5 and 1.0. The S values along different molecular axes are found to be
interdependent. Most often we encounter the situation where the director of the
liquid crystal is assumed parallel to the magnetic field direction and the
orthogonal X, Y, and Z axes are the molecule fixed coordinate frame. In this
coordinate system, 0,, 0,, and 0, are the angles between the molecular axes and
the magnetic field direction and the definition of the element of the ordering
matrix is given by:

1
Sp = 5 ((B cos Oy cos Oy — Opy)), MmN =2x,v,2 (28)
The matrix Sy is explicitly written as
Sax Sxy Syz
Su= |5~ Sw S (29)
SZX Szy SZZ

where 9,,, is the Kronecker delta (0,,, = 1, for m = n and 9,,,, = 0, for m#n).
The above ordering matrix is symmetric and traceless and has five
independent elements, viz., Sxx, Syy, Sxv, Sxz, and Syz.

2.6.1 Order parameter and the molecular symmetry

Depending on the symmetry of the molecule and the suitable choice of
the coordinate system, the number of independent elements of the ordering
matrix required to describe the orientation of the molecule varies from zero
to five.

Molecules with tetrahedral or cubic symmetry do not orient (S value is zero)
even in an anisotropic environment and hence the dipolar couplings in such
systems average to zero. However, in actual practice, the anisotropic environ-
ment causes minor distortions in the symmetry providing dipolar splitting of the
transitions.'”*’ Molecules possessing point group symmetry, viz., Dy, Cs, and
higher axis of symmetry require only one independent element of the ordering
matrix to describe their orientation. For molecules possessing Ca,, D>, and Dy,
point group symmetry, the number of independent elements required to describe
the orientation reduces to two. For the molecules possessing only a plane of
symmetry and if the two coordinate axes are chosen to be in the plane of the
symmetry, three independent elements of the ordering matrix are required to
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describe their orientation. For molecules without a plane of symmetry, all the five
elements of the ordering matrix are essential to describe their orientation.

2.6.2 Order parameter and experimental conditions

The ordering of the molecule in the nematic phase depends on the temperature
and solute concentration. As the concentration of the solute is increased the
ordering generally decreases, unless the solvent interacts with solutes. Similarly,
ordering generally increases with the decrease of temperature. In a study on the
molecule methanol oriented in the liquid crystal 4-n-octyloxybenzoic acid, an
unusual orientational behavior has been observed.”’ When the order parameter
was measured as a function of temperature and at two different concentrations,
there was no steady increase of the order parameter with decrease of
temperature; instead, the plot of the order parameter as a function of temperature
passed through a maximum. This unusual behavior of methanol is interpreted as
due to association. Any change in the order parameter because of different
experimental conditions results in the change of the strength of the dipolar
interaction. Hence, the spectra of the given molecule in a particular liquid crystal
are not identical when recorded at different temperatures or concentrations.

2.7 Orienting the molecule

Solutions are prepared by mixing the appropriate amounts of solute and solvent.
Solute concentration is maintained such that the liquid crystallinity is not
destroyed and it is usually less than 4-5% (w/w). The solutions are homogenized
by repeated heating of the mixtures to the isotropic phase and then cooling back
to the nematic phase, with physical shaking or vortex mixing. It should be noted
that the inhomogeneities as a result of temperature or concentration gradient
within the sample provide spectra with differential line broadening. This
differential line broadening is over and above the inhomogeneity of the external
magnetic field. In superconducting magnets, the inhomogeneity due to external
static magnetic field can be reduced by spinning the sample about the vertical
axis without destroying the orientation. Typical line widths around 2-3 Hz have
been obtained for the proton spectra, depending on the choice of the liquid
crystal, experimental conditions, and preparation of the sample. It is appropriate
to mention that when the nematic liquid crystal ZLI-1167 (a eutectic mixture of
propyl, pentyl, and heptyl bicyclohexyl carbonitrile) is used, sharp lines are
generally observed.

2.8 Nomenclature of the spin system

As far as the nomenclature of the NMR spectra is concerned, it is identical to that
followed in the conventional high-resolution NMR studies in liquids. However,
the definition of weak and strong coupling in the spectra of oriented molecules
depends on the ratio of the sum of dipolar couplings and the indirect spin—-spin
couplings with the chemical shifts, unlike the ratio of the strength of only
the indirect spin—-spin coupling to the chemical shift in the isotropic phase.
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The strength of the dipolar couplings may usually vary from few hertz to few
kilohertz. The spectra may, therefore, be very complex with a spread of several
kilohertz and are generally strongly coupled particularly in the thermotropic
nematic liquid crystals normally employed unless heteronuclei are involved.” **
The second important difference is that a group which is magnetically equivalent
and provides a single resonance line in the isotropic phase gives rise to multiplet
pattern in oriented systems. For example, in benzene, in the isotropic phase, all
the six protons have the same chemical shift and also the indirect spin-spin
couplings do not influence the spectrum giving rise to a single resonance line
compared to a complex spectrum in the oriented phase. The spectrum of benzene
is designated as AA’A"A”A""A""". Further, if all the nuclei within a magnetically
equivalent group are equally coupled to one another, the group is called
‘fully equivalent.” Such a group is denoted as A,, where # is the number of fully
equivalent spin 1/2 nuclei. In oriented molecules, even the fully equivalent
groups such as A, give rise to multiplicity of ‘n’ transitions with a separation
equal to 3D;; between adjacent transitions. The intensity distribution of the
transitions corresponds to coefficients of the binomial expansion. For example,
the methyl protons of CH3CN, a fully equivalent group, give rise to a singlet in
the isotropic phase because indirect spin couplings between the equivalent
protons of the methyl group do not influence the spectrum. In the anisotropic
phase, the nomenclature of the spin system is A;. Nevertheless, the dipolar
couplings between the protons of the methyl group, although identical between
any two methyl protons, result in a triplet with the intensity ratio of 1:2:1.

The molecules with a ‘tetrahedral (Td)” or higher symmetry, in general,
should not orient and must give single resonance line in either the isotropic
phase or the oriented phase. However, as discussed earlier, there are unusual
examples where the multiplicity of spectral lines is observed in such systems in
the oriented phase.'*?’

3. ANALYSES OF THE SPECTRA

For N interacting spin 1/2 nuclei, the number of theoretically allowed transitions
is given by *NCy_;. As an example, for systems with five, six, seven, and eight
interacting spins, there are 210, 792, 3,003, and 11,440 allowed transitions,
respectively. It implies that the addition of each interacting spin enhances the
complexity of the spectrum and the number of allowed transitions increases by
nearly a factor of four. Beyond eight interacting spins, the spectra usually become
too complicated and the analysis becomes tedious. However, there are reports in
the literature where the complex spectra of several interacting spins have been
analyzed.” ™ The first-order analyses of the spectra similar to that of liquids are
generally not possible and one has to diagonalize the Hamiltonian numerically,
adapting the least-square-fit techniques, using computers. Several iterative
computer programs, suitably modified by the inclusion of the dipolar coupling
parameters, are commonly used.
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The program normally employed for iterative calculations is named
LAOCOONOR.* The numerical analysis requires the values of chemical shifts
(v), the indirect spin-spin couplings (J;)), and the direct dipolar couplings to use
as the starting parameters. All these parameters are unknown for an oriented
system. Generally the chemical shifts and the indirect spin-spin couplings
obtained from the isotropic spectra are employed as the starting parameters. The
dipolar couplings are calculated assuming the molecular geometry and with
certain guessed values for the orientational tensor components.

The normally practiced method is to simulate the spectrum. The trial
spectrum simulated should closely resemble the experimental spectrum such
that sufficient number of transitions can be assigned for subsequent iteration and
refinement of parameters. Then certain specific experimental lines are assigned
to theoretical ones and all the parameters are varied iteratively. The iterative
procedure is continued until all the experimental lines are assigned to the
simulated ones and the root-mean-square (RMS) error between the calculated
and experimental line positions reaches an acceptable global minimum. When
the spectra are very complex and the starting parameters are far from real values,
the iterative analysis can get captured in the local minimum, making further
analysis very tedious. Basic ingenuity lies in the judicious choice of the initial
starting parameters. However, there are several difficulties in choosing the initial
parameters. There are anisotropic contributions to the chemical shifts which
depend on the chemical shift tensor components scaled by the order parameters
along the respective axes. In addition to the scant knowledge available about
proton chemical shift tensors, the magnitude and sign of the order parameter are
unknown and consequently it is very difficult to predict the chemical shifts in the
oriented phase. These values can vary very much from the isotropic values.
Therefore, choosing the correct starting parameters of the chemical shifts is one of
the bottlenecks in the analysis.

There are also anisotropic contributions to the indirect spin-spin couplings,
and due to similar functional dependence, they are reflected in the dipolar
couplings. For the precise determination of dipolar couplings, these contributions
must be subtracted from the experimental values of dipolar couplings. As far as
the proton—proton couplings are concerned, such contributions are shown to be
negligible'® and the isotropic values are employed as the starting parameters and
are kept constant during the initial iterations.

The Dj;, on the other hand, are dependent on the molecular geometry
and the elements of the ordering matrix in the coordinate frame employed to
define the orientation of the molecule. A prior knowledge about the geometry
and symmetry of the molecule is necessary in order to obtain the guessed
dipolar couplings so that the iterative calculation is accelerated. The strategy
adapted for the analyses of the spectra is given as a flow chart in Figure 2. The
iterative analyses can be tedious and time consuming when the spectra are very
complex.

To overcome the tedium of such analyses, the program called DANSOM™*>*
has been developed for the automatic analysis using an alternative strategy
which does not require any line assignments. The program utilizes the full
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Figure 2 Flow chart depicting the strategy adopted for the analyses of the NMR spectra of
oriented molecules.

information content of an NMR spectrum, that is, the total line shape. This
information is supplied to the computer as the n-dimensional vector S of
digitized signal intensities S; which are ordered according to increasing or
decreasing discrete frequencies ;. The basic algorithm relies on a matrix method
derivable from a generalized formulation of the least-squares problem. The
details of the theoretical basis of this automatic analysis are available in the
literature.”” However, it is important to note that these programs circumvent
the tedium of line assignments and in many instances found to yield satisfactory
results. The programs dedicated to NMR instrument called WIN-DAISY?***? and
PERCH* were also available. These programs call the experimental spectra
directly on to the computer from the spectrometer and the automatic analysis is
carried out by varying over a wide range, iteratively, all the parameters affecting
the spectrum.

Due to several limitations, automatic analysis is not routinely employed and
most of the published works in the literature utilize computer program requiring
manual intervention proving it to be more robust. Thus, development of novel
methods which provide additional information to aid the analyses of the complex
spectra finds potential application.
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4. TECHNIQUES TO AID THE ANALYSES OF THE COMPLEX 'H
NMR SPECTRA

The analyses of the spectra would be tedious when the number of interacting
spins exceeds 10 and especially when the molecules lack any higher symmetry
element. Several one- and two-dimensional techniques have, therefore, been
developed and are being developed to aid the analysis of the complex spectrum.
All the developed methodologies can be broadly classified into two groups:
(a) the experimental techniques to derive additional information for subsequent
analyses of complex 'H spectra and (b) methods to simplify the complexity of the
spectra amenable for easy analyses.

Some of the methods available in the literature are Z-COSY technique,41
natural abundance *H NMR,** use of liquid crystals with low-order parameters,*’
multiple quantum (MQ) methodologies,** ™ multiple pulse sequences,” >’
specific deuteration,”’ two-dimensional inverse experiments,®’"* low-order
orientation using bicelles,®* proton-detected local field,*>° use of low-power
Lee Goldburg (LG) decoupling,®” spin decoupling,”®*” spin echo technique,”"”"
and near magic angle spinning.’*”? Though the application of the above
techniques has been demonstrated on several spin systems, each of the above
techniques has its own limitations and is not routinely employed. Thus, the
studies are generally restricted to 8-10 interacting spins, beyond which the
spectra become too complex and the analysis is tedious. Automatic analyses "* 7"
of the spectra have also been reported which do not require any line assignments.
Before hopping on to the recently developed techniques, a couple of existing
methods (not all the reported techniques) in the literature for simplifying the
analyses of complex spectra will be discussed.

4.1 Specific deuteration with high power deuterium decoupling

In this study,® for the molecule investigated, all the proton sites except a pair of
protons are deuterated. Subsequently the proton spectrum is acquired under
broadband deuterium decoupling. A doublet is detected in the observed
spectrum drastically simplifying the spectral analysis. The derived dipolar
couplings are employed to determine molecular structure. However, the
drawback of this method is requirement of specific deuteration, which is tedious
and uneconomical.

4.2 Determination of anisotropic chemical shift

The individual proton chemical shifts in the anisotropic phase are unknown.
If the knowledge of this information is available, they can be kept constant
during the iterative analyses. To obtain the anisotropic chemical shift, it is
necessary to eliminate the homonuclear dipolar couplings among protons. For
this purpose, the use of multiple pulse techniques® is an excellent choice.
Multipulse techniques have been employed earlier to achieve partial dipolar
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decoupling and to simplify the spectra by scaling the dipolar couplings.”®”’

The two-dimensional versions of the experiment on oriented samples have been
utilized to demonstrate the scaling achieved. The multipulse experiments are, in
general, technically demanding. On the other hand, the use of off-resonance LG
decoupling®’ is a simple and convenient means of removing homonuclear
dipolar couplings which is widely employed in recent times in solid state studies
and its implementation is easy. There are many LG sequences reported in the
literature such as flip flop Lee Goldburg (FFLG),** frequency switched Lee
Goldburg (FSLG),**®* phase modulated Lee Goldburg (PMLG),” and Lee
Goldburg cross-polarization (LGCP).**" These LG sequences are designed to
remove homonuclear dipolar couplings and find extensive applications in the
separated local field (SLF) experiments involving liquid crystals and weak
aligning media such as bicelles.”® " In a review, both PMLG and FSLG sequences
are referred as FFLG.”'

In a report, the proton chemical shifts of the molecules in the oriented phase
have been determined by adapting a two-dimensional approach, wherein during
the t; period FSLG sequence is employed to suppress the homonuclear dipolar
couplings and only the anisotropic proton chemical shifts are retained in the t,
dimension.” The designed pulse sequence for such an experiment is reported in
Figure 3. It is demonstrated that in the case of the molecule cis,cis-mucononitrile,
the chemical shifts obtained by this method are very nearly the same as the
chemical shifts obtained by the conventional iterative analysis of the one-
dimensional proton spectrum. It may be pointed out that for the conventional
iterative analysis, the isotropic chemical shifts were used as the starting
parameters. The method has also been applied to obtain the chemical shifts
and for the subsequent iterative analyses of the proton spectrum of a seven spin
system, 1-iodopropane.” The complex one-dimensional spectrum of 1-iodopro-
pane and its two-dimensional spectrum with LG decoupling in the F; dimension
are also reported in Figure 3. It is evident from the projection of the 2D spectrum
taken along F; dimension that the chemical shift differences obtained in the
anisotropic phase are very much different from those of the isotropic phase.
The knowledge of these values from the 2D spectrum significantly simplified the
analyses of the one-dimensional spectrum.

43 Energy level connectivity and Z-COSY technique

The two-dimensional Z-COSY experiment provides information on the direct
connectivity between the transitions which in turn yield the energy level
connectivity. The techniques have been applied to oriented acetone and cis,cis-
mucononitrile.*’ The molecule cis,cis-mucononitrile has Coy, symmetry, requires
three elements of the ordering matrix to define its orientation, and the protons of
the molecule form an AA'BB’ spin system. The Z-COSY spectrum shown in
Figure 4 identified two groups of transitions; two of them had only two
transitions each. However, the AA'BB’ spin system has only two domains,
symmetric and antisymmetric. The COSY spectrum resolved this ambiguity by
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Figure 4 (a) The structure, the numbering of the spins, and the choice of the coordinate
system in the molecule cis,cis-mucononitrile; and (b) two-dimensional modified Z-COSY
spectrum of cis,cis-mucononitrile oriented in the liquid crystal solvent ZLI-1167. The
corresponding one-dimensional spectrum is given at the top. The connected transitions a,
and a;, and a; and a4 are marked.

giving cross-peaks between the groups having two transitions each. There are 8
antisymmetric and 20 symmetric transitions for an AA'BB’ spin system. Thus, the
domain with larger connected transitions could be identified for symmetric
domain. If the chemical shifts and indirect couplings are assumed to be very
small, only four of the eight antisymmetric transitions have significant intensities
and the spacing between them is given by

<;> (Da + Dp) £3R3 (30)

Similarly in the symmetric domain, both the extreme energy levels are pure
states and show regressive connectivity to each other and yield unique values
under the assumption that chemical shifts and indirect couplings are negligible.
The spacing between them is given by

(g) (DA +Dp) +2(D+ D') £ Ry (31)
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where the symbols D, Dg, D, D', Ry, and Rj correspond to
DA =D149 DB =D23, D=D12, D/ :D13

9 , , 1/2
Ri=|-(Da—-D D+D
1 [4( A B)” + (D + )} 32)

1 1/2
Rs = {1 (Da — Dp)* + (D — D’)Z}

Using this information, a set of dipolar couplings was determined and
utilized for iterative analysis. This information significantly simplified the
analyses. The Z-COSY has been applied for the analyses of other molecules and
has been discussed extensively in a book.®

4.4 Order parameter from natural abundance *H NMR

Information on the molecular ordering can be employed to derive the realistic
starting parameters of the dipolar couplings that aid the analyses of the
complicated proton spectra. The use of natural abundance *H NMR of the
molecules dissolved in liquid crystal solvent has been suggested as a practical
tool in deriving this information.*” The natural abundant “H NMR spectra of
benzene and chloroform dissolved in a liquid crystalline solvent have been
studied. In each case under identical conditions, proton spectra were also
recorded. The quadrupole doublet was employed to determine the order
parameter. In benzene, the quadrupole split doublet separation was 31.952 kHz.
Using the reported value of 196.5kHz for the deuteron quadrupole coupling
constant, the quadrupole split doublet provided the order parameter in the plane
of the benzene ring as 0.1084 in the liquid crystal solvent Merck ZLI-1114 (trans-
pentyl-(4-cyanophenyl)-cyclohexane). Using this value of the order parameter,
the dipolar coupling between the ortho protons of the benzene was estimated to
be —852.1 Hz. Assuming an undistorted hexagonal geometry of the molecule, the
remaining meta and para dipolar couplings were then calculated. The proton
spectrum of benzene recorded under identical conditions of the concentration,
temperature, and solvent was analyzed independently by conventional iterative
procedure. The value of the dipolar couplings derived from the analysis of the
proton spectrum and that derived by the knowledge of the order parameter from
the natural abundance *H spectrum have been shown to be identical. Thus, this
method paved another way to derive information that aids the analyses of
complex spectra.

4.5 Multiple quantum (MQ) NMR

MQ coherence is a coherent superposition of states for which the change in total
spin magnetic quantum number is # 1.”””* Spins which undergo flipping are said
to be active in the coherence and all the remaining spins are said to be passive.
The information content of the MQ coherence depends on both its order and the
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active spins and their interactions with the passive spins. The group of active
spins can be construed as the super spin and the remaining passive spins are
treated as spectator spins. As the size of the super spin increases, the number of
spectator spins decreases and consequently the multiplet pattern of the coherence
becomes simpler. The number of allowed transitions for the zeroth- and the
m™-order quantum coherence of N non-equivalent interacting half integer spins
is given by
1

Zy=3 [PNCy —2N] (33)

2N!

Zy = (N —m)I(N +m)! (34)
where Z, refers to zero quantum (ZQ) and Z,, the m™ quantum for m>1. Thus,
the highest quantum is for N = m and it pertains to a situation wherein all the
spins are participating spins and there are no spectator spins. This corresponds
to a situation where all the N spins flip simultaneously from the state |o) to the
state |B) or vice versa. It implies that the scalar and the dipolar fields do not
influence the spectrum. The highest quantum spectrum, however, provides
information on the sum of all the chemical shifts. The different MQ orders of N
interacting spins can be selectively excited or detected.””

The N—1 quantum is a situation in which N—1 spins flip in the presence of
one left over spin. The super spin is then split by the scalar and/or the dipolar
field of a spectator spin providing a doublet centered at the sum of the chemical
shift positions of the active spins. The separation of the doublet provides the sum
of the couplings of the active spins to the passive spin. For N non-equivalent
spins, there are N doublets in the N—1 quantum spectrum. The N—2 quantum
spectrum is a situation where N—2 spins flip at a time in the presence of the
remaining two passive spins. This will have more number of transitions than
N—1 quantum, but significantly less compared to SQ transitions. The number of
transitions and thereby the complexity of the spectrum increases by going to
lower quantum. The N—1 and N—2 quantum spectra have sufficient number
of transitions to provide all the spectral parameters. Furthermore, the sensitivity
of the precessional frequency of any higher quantum coherence is proportional
to its order. Thus, the field inhomogeneity contributes to the m™ quantum
order by m times. However, the ZQ coherence is insensitive to the field
inhomogeneity.

4.5.1 Two-dimensional MQ-SQ correlation

The transfer of the MQ coherence to the observable SQ for different types of
spin systems’” and the flip angle dependence of the intensities for an AMX
spin system have been discussed earlier.”® In the schematic representation
of the correlation of double quantum (DQ) coherence to its SQ coherence on a
homonuclear ] coupled AMX spin system,”” the DQ dimension provides three
doublets with the separation corresponding to the sum of the J-couplings
between the passive spin and the active spins centered at the sum of the chemical
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shift positions of the two active spins. Each of these doublets corresponds to the
states |o) and |B) of the passive spin. The cross-sections taken along the SQ
dimension for any of the spin states of the passive spin provide all the 12
transitions expected for an AMX spin system, whose intensities depend on the
flip angle. Thus, the application of a non-selective mixing pulse results in each
lo> and |B) states of A, M, and X spins correlating to all the allowed transitions
in the SQ dimension. If, on the other hand, a selective pulse is applied only on the
active spins and no pulse is applied on the passive spins during MQ-5Q
conversion, then the states of the passive spins remain unperturbed in both MQ
and SQ dimensions. Each state of the passive spins in the MQ dimension then
encodes the spin states involved in the SQ transitions that arise only due to
coupling between the active spins. This results in the selective detection of SQ
transitions. The cross-section taken along SQ dimension for any one of the
passive spin states has sufficient number of transitions essential to determine the
couplings between active spins. This reduces the redundancy in the number of
SQ transitions and simplifies the complexity of the spectrum. The application
of spin state selective detection of transitions employing MQ for spectral
simplification has been demonstrated on oriented doubly labeled acetonitrile and
ortho-difluorobenzene™ and is discussed in detail below.

452 Uniformly ™C labeled acetonitrile (*CHY’CN)
When aligned in the liquid crystal, the protons and carbons form a spin system of
the type AsMX. The 'H SQ spectrum gives a 1:2:1 triplet due to Dy, and each
line of this triplet is further split into doublet of doublet of equal intensity giving
rise to a total of 12 transitions. Dy and D¢y can be determined by the first-order
analysis of this spectrum, which is straightforward.

For the MQ studies, the two types of heteronuclei in this molecule can be
treated as two isolated spins. Thus, it was possible to selectively detect homo-
nuclear DQ and triple quantum (3Q) orders between protons and homonuclear
DQ between carbons. The particular order was selected by using gradients and
the selected MQ coherence was allowed to correlate to its SQ coherence.
Depending on the order selectively detected, the MQ spectra have been analyzed
treating as spin systems, such as, AMX, A3;X, and APMX.

4.5.2.1 Homonuclear proton 3Q—-SQ coherence. The chemical structure with the
numbering of interacting spins, the pulse sequence employed, and the 2D
spectrum correlating the 3Q-5SQ coherence of protons are given in Figure 5. The
excitation of proton 3Q results in all the protons evolving at the sum of
the resonance offset (chemical shifts can be treated as zero due to magnetic
equivalence of all the three protons) under the sum of Jc; and Dy couplings in
the MQ dimension. This pertains to a situation where the selective mixing pulse
is applied on Aj spins and in the MQ dimension AzMX spin system behaves like
an AMX spin system, where proton is the active spin (A) and two carbons
are passive spins (M and X). The 3Q spectrum corresponds to A part of AMX
spectrum. In the spin product basis set, the spin states of two weakly coupled
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Figure 5 (a) The pulse sequence employed for multiple quantum—single quantum correlations
experiments. The delay A was optimized for the selection of proton and carbon homonuclear
multiple quanta. The phases of all the pulses and the receiver are set to zero. The gradient
ratio is G, = nG; for homonuclear nth quantum of proton and carbon. (b) The structure and
numbering of interacting spins in doubly labeled acetonitrile. (c) The 700 MHz 2D spectrum of
acetonitrile in the liquid crystal ZLI-1132, correlating proton 3Q coherence to its SQ
coherence. The 0%y, dciBca Badica, and BaPc, are different spin states of heteronuclei. For
even quantum selection all phases are x, while for odd quantum ®; = x, ®, =y, ®; =y, and
receiver phase = x.

M and X spins, coupled to triple quantum states of proton, |upopop) and
|BpPrPp ), are written as |aciocz ), laciBezy, [Bcidcz ), and [BeiBcz ), where the
subscript P represents protons and C1 and C2 are carbons of CH; and CN
groups, respectively. The four transitions of the A spin in the 3Q dimension
correspond to these four spin states. The doublet separation between the states
|10z ) and |ociPez ) provides Deopy and that between the states |oci0c2) and
|Bcioic2 ) provides Depp

The spectrum in the SQ dimension corresponds to normal one-dimensional
spectrum of an Az;MX type spin system, and consists of four Az subspectra,
one for each of the four mI (M and X) values |oc10co Y, [ociBcz ), [Beidcs ), and
IBc1Bca ), of the two carbons. For transitions within each subspectrum, the spin
states of M and X do not change.

The one-dimensional spectrum along with the cross-sections taken on SQ
dimension at different spin states of 3Q dimension are shown in Figure 6. Each of
these cross-sections pertains to selectively detected SQ transitions originating
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Figure 6 (a) 700 MHz proton 1D spectrum of acetonitrile in the liquid crystal ZLI-1132 and
(b—e) cross-sections along SQ dimension taken, respectively, at the spin states BciBca, Bcidca
dc1Pca, and dcioic; in 3Q dimension of Figure 5¢c. Reproduced with permission from American
Chemical Society.

from the initial third quantum state which has two carbons, in either |00 ) or
IBc1Bc2 > state, and ends up in states where single proton spin flips but still has
carbons in its initial |oci0cr > or |BciBces ) state. This is the result of the last 90°
pulse on protons which do not perturb the spin states of heteronuclei. An
example of such a transition is from the states |opopopPcifcz) and
|BpopopPeiPez ). This is a situation where all proton single quantum transitions
pertaining to four Aj; subspectra get separated into different cross-sections
depending on the four spin states of the heteronuclei. Each cross-section is a
triplet, from which Dyyy; can be determined. Thus, as far as the determination of
the Dy is concerned, the redundancy in the number of SQ transitions required
for the analysis in the normal one-dimensional spectrum is largely reduced.

The methodology when applied to bigger molecules will significantly
simplify the analyses.

4.52.2 Homonuclear PC DQ-SQ coherence. In the *C spectrum, each carbon,
M and X of the AsMX spin system, is split into doublet of quartet by three
protons (A3) and the remaining carbon. The fully coupled 'C spectrum,
therefore, provides equal intensity doublets of 1:3:3:1 intensity quartets at the
chemical shift positions of each carbon.
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The DQ excitation of homonuclear carbon spins converts the five spin system
of the type A;MX into a four spin system of the type A3;X in the DQ dimension,
where the three protons are passive spins (As) and two '°C are active spins (X).
The double quantum states of two carbons are |oc10c2 ) or [Bci1Pcz ) and they are
coupled to eight different spin states (symmetrized spin states of Aj spin system),
oo, (0o + o + Borer) /v/3, (oo + oor—2PBocor) /6, (aaB—aur)/v/2, (Bt + Porp+
aBPB)/+/3, (BBe + B — 20BP)/+/6, (BBo—Bap)/+/2, and BRP of protons. The states
|(coeB + oBo + Boar) /+/3, (oo + aBo—2Pacr)/+/6, and (aaf — afe)/+/2 are degen-
erate and form one group. The states (BBa+ Pof + aBB)/+/3, (BBo+ Bap—
20BB)/+/6, and (BBo — Pap)/+/2 are degenerate and form another group. This
results in the splitting of the active spin transition into a quartet by passive
spins in the DQ dimension. The 13C-detected homonuclear DQ-SQ spectrum
pertaining to methyl carbon is given in Figure 7. The carbon 1, directly bonded to
protons, resonates at high field and also has large Dciyy. The transitions for
carbon 2 remotely bonded to protons resonate at lower field and has small Doy
Furthermore, the resonance signal from the carbon 2 is significantly broadened
due to quadrupolar nitrogen and is very weak in intensity. The cross-section
taken along SQ dimension at each spin state of a passive spin in the MQ
dimension is a doublet from which Dcc can be directly obtained. Dcqpy can be
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Figure 7 The 700 MHz 2D spectrum of homonuclear *C double quantum coherence
correlating to its single quantum coherence of acetonitrile in the liquid crystal ZLI-1132. A and
D correspond to spin states opopale and BpPpPp, respectively, B and C correspond to
degenerated spin states (0af 4 aBo + Bocr)/+/3, (a0 + o — 2Boar)/+/6, and

(03B — 0Bo0)//2; and (BB + BB + uBB)//3, (BBt + Borp — 208B)//6, and (BB — PaB)/v/2,

respectively. Reproduced with permission from American Chemical Society.
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determined from the combined analysis of any two consecutive cross-sections.
Similarly the analysis of the low field region of the spectrum provides Dcop.

4.52.3 Homonuclear proton DQ-SQ coherence. The spin system of the type
APMX is created in the DQ dimension when two protons are simultaneously
flipped. Active spins for DQ could be any two protons of the CHj group. In the
DQ dimension, this pertains to a weakly coupled four spin system of the type
APMX, where A is the double quantum excited two protons of CHj (active spins)
group, P the proton not participating in double quantum (passive spin), and M
and X the two carbons (passive spins). The weakly coupled four spin system
provides eight transitions for each spin. Thus, in the DQ dimension, A spin
transition is split into eight transitions of equal intensity by the passive spins.
The corresponding DQ coupled spin states of A are: |opoici0ca), lopociPez ),
lapBeioica ), lopBciBe2), [Brociocz ), [BrBcitcz ), IBrociBe2), and [BpBciBca) -
The cross-section taken along SQ dimension for each spin state in the DQ
dimension is a triplet from which Dyyy can be determined. As far as the
determination of the Dy is concerned, this information can also be obtained by
the 3Q-5Q experiment.

453 Analyses of the complex 'H NMR spectrum: an AA'BB'XX’ spin system
The application of the above-described spin state selective detection of MQ
transitions has been demonstrated in the simplification of the iterative analysis
of "H spectrum of a six spin system, ortho-difluorobenzene aligned in a
thermotropic liquid crystal. The structure and the numbering of the interacting
spins in ortho-difluorobenzene and the 2D spectrum which correlates the
homonuclear fourth quantum (4Q) coherence of protons to its SQ coherence
are given in Figure 8. The coupled protons and fluorines of this molecule form a
strongly coupled spin system of the type AA'BB'XX'. The one-dimensional
spectrum along with the cross-sections taken along SQ dimension at different
spin states of "F in 4Q dimension is given in Figure 9.

The gradient selected proton homonuclear 4Q excitation results in the flipping
of all the protons and evolves under the sum of proton chemical shifts and
heteronuclear couplings. This corresponds to AXX' type in the 4Q dimen-
sion, where A is the proton (active spin) and are XX’ the two fluorines (passive
spins). In the 4Q dimension, the active spin A is split due to couplings with two
passive '°F spins. The XX’ part will have four possible spin states, viz.: (a) |00 ),
() (o By) + I1B1o2)) /2, (©) (o By) — IByo2))/+/2, and (d) |B1B.). The degenerate
central transition arises from the spin states (Jaf) + [Bo))/+/2 and (JaB) — [Ba))/+/2.
The other two outer transitions correspond to spin states |oo) and [BB).

The cross-sections taken along the SQ dimension, at three different spin states
in the 4Q dimension, correspond to selectively detected single quantum
transitions based on the spin state of the passive spins. The selectively detected
transitions at each cross-section contain information on the proton chemical
shifts and proton—proton dipolar couplings. The 12 SQ transitions are selectively
detected for |ao) and |BP) states. The analysis of one of these suffices for the



356 Bikash Baishya et al.

H(1)
(2H F(6)

(3H F(5)

H(4) Hz MMMLL

15000 T | S
1t I SRR IRy 1t sa

! 10000 = :

F, | B TR .

6000 4000 2000 0 Hz
F,—
Figure 8 The structure and the numbering of the interacting spins in ortho-difluorobenzene
along with the 500 MHz two-dimensional proton spectrum in the liquid crystal solvent
ZLI-1132, correlating homonuclear 4Q coherence of protons to its SQ coherence. Two outer
transitions in the 4Q dimension correspond to spin states |y and |BB) respectively. s and a

refer to degenerate spin states (Jouf,) + |B02))/v/2 and (|B,) — |B22))/+/2, respectively.
Reproduced with permission from American Chemical Society.

determination of proton chemical shifts and proton—-proton dipolar couplings.
Therefore, the complex spectrum is significantly simplified. Similar information
can also be obtained using the SQ transitions that are selectively detected for the
spin states (|oqf,) + IB102))/+/2 and (o1 B,) — |B102))/+/2 of fluorine, for which
there are nearly 60 transitions.

The three selectively detected single quantum spectra have been indepen-
dently analyzed numerically. Only proton—proton dipolar couplings and proton
chemical shifts were varied during the iteration and all the 12 selectively excited
transitions for |xo) and |BB) states were utilized for the analysis. Combined
analyses of spectra from both |aa) and |BB) states also provide Dy couplings.
The analysis of the spectrum from the spin states (|oqf,) -+ |B1o2))/+/2 and
(—lo1Ba) + IByo))/ V2 of fluorines provides Dy and Dgy couplings.

Therefore, the spin state selective detection of the SQ transitions using MQ
coherence not only reduces the complexity of the spectrum drastically but also
aids the analysis. The derived spectral parameters in all the above analyses are
given in Figure 10 as a histogram. The standard deviations of the determined
parameters, Dyyy and Dpy, indicated that these parameters are very precise.
Thus, MQ experiments have enormous potential in simplifying the analyses of
complex spectra.
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Figure 9 (a) The 500 MHz one-dimensional proton spectrum of ortho-difluorobenzene
aligned in the liquid crystalline phase ZLI-1132; (b—d) the cross-sections extracted from
the three spin states along 4Q dimension of Figure 8, plotted with identical scale for
comparison. s and a refer to symmetric and antisymmetric states (|ouB,) + |B;02))/+/2 and
(loaB,) — |Br02))/~/2, respectively. Reproduced with permission from American Chemical
Society.

4.6 Second-order spectra and estimation of an element of
ordering matrix

In this work,'”’ the MQ methodology has been extended for the direct estimation
of one of the elements of the ordering matrix from the very intricate NMR
spectra. The experimental methodology is applied for molecules containing two
symmetrically disubstituted heteronuclei requiring two elements of the order
matrix to define their orientations. The chemical structures of the molecules
chosen for demonstration purposes and their complex one-dimensional spectra
are given in Figure 11. The additional information derived can be employed to
estimate the dipolar couplings more precisely to use as the starting parameters in
the iterative analyses.

4.6.1 Analyses of 'H NMR spectra of a five spin system: 2,6-difluoropyridine

The molecule 2,6-difluoropyridine has five interacting spins. In the liquid
crystalline phase, the protons and fluorines form the spin system of the type
ABB'XX’, where A and B refer to protons and X refers to fluorine. The molecule
has C,, symmetry and requires two elements of an ordering matrix to define its
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Figure 10 The histogram showing the values of dipolar couplings determined by the
analyses of the different cross-sections of the spectrum shown in Figure 8 and from the
one-dimensional proton spectrum. Top trace—homonuclear proton couplings obtained by:
(A) the analysis of the cross-section taken along SQ dimension at the spin state o) in 4Q
dimension, (B) the analysis of the cross-section taken along SQ dimension at the spin state
[BB> in 4Q dimension, (C) the combined analysis of the two cross-sections from |oo ) and
BB states of 4Q dimension, (D) the combined analysis of the cross-sections of states |ao )
and (JouB,) + |Bi02))/~/2 and (—|aB,) + |B22))/+/2, and (E) the analysis of one-dimensional
proton spectrum. Bottom trace—dipolar couplings, Dry (Dss, Dig, Ds, D2s) and D (Dse)
obtained by: (D) the combined analysis of the cross-sections of states |oo) and

(JouB,) + 1B192))/~/2 and (—|ouB,) + |B122))/+/2 and (E) the analysis of one-dimensional proton
spectrum. The vertical bars give standard deviations on the parameters determined.
Reproduced with permission from American Chemical Society.

orientation. To combat the tedium of the analysis of one-dimensional spectrum,
the blend of two-dimensional homonuclear 3Q-SQ correlation of protons and
DQ-5SQ correlation of fluorines has been employed.

The '"F-detected DQ-SQ spectrum is reported in Figure 12a. In the DQ
excitation, the simultaneous flipping of two '’F spins transforms the spin system
to the type ABB'X, where X corresponds to two fluorines (super spin). The X part
of this spin system and its interaction with B and B’ spins are detected in the
direct and indirect dimensions, respectively. This retains the spin states of 'H
undisturbed in both SQ and DQ dimensions. This is analogous to mimicking the
decoupling of "F spins with 'H detection. In the indirect dimension, there are
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Figure 11 (a) The chemical structure and numbering of interacting spins in
2,6-difluoropyridine, (d) the one-dimensional proton spectrum of the molecule oriented

in the liquid crystal solvent ZLI-1114, (c) the chemical structure and numbering of spins in
1,4-difluorobenzene, and (d) the one-dimensional proton spectrum of the molecule oriented
in the liquid crystal solvent ZLI-1132.

eight basic symmetry functions of proton spins and nine allowed transitions.'"’
The spectral pattern depends on the ratio of the coupling to the chemical shift
difference between the protons A and B. However, the experiment provided five
distinct transitions of significant intensities. It is not possible to identify these
transitions with any particular spin state of protons because of degeneracy of
transitions. Nevertheless, for each transition in the DQ dimension, the cross-
section taken along SQ dimension results in a doublet due to coupling between
two active fluorine spins. This separation is a direct measure of 3Dgr In the
coordinate frame chosen for the molecule and taking advantage of the knowledge
of the reported geometry,'’” the vital information on one of the elements of the
order matrix, viz., Sxx has been determined. This information has been employed
for the analysis of the 3Q-5SQ correlation spectrum given in Figure 12b.

In the proton 3Q-5SQ correlation, the simultaneous flipping of all the protons
transforms the spin system of the type ABB'XX' to that of AXX’, where A
corresponds to super spin with three protons. With the selective excitation of only
protons, the spin states of '°F are undisturbed in both F; and F, dimensions. The
active spin A and its interactions with spins X and X' are detected in direct and
indirect dimensions, respectively. The passive spins will have four spin states in
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Figure 12 (a) The 500 MHz 'H 3Q-SQ spectrum of 2,6-difluoropyridine oriented in the liquid
crystal ZLI-1114 with corresponding F; and F, projections; proton is detected in both direct and
indirect dimensions. (b) The 500 MHz "°F DQ-5Q spectrum of 2,6-difluoropyridine oriented in
the liquid crystal ZLI-1114 with corresponding F, and F, projections; '°F is detected in both
direct and indirect dimensions.
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the indirect dimension corresponding to two fluorines numbered 4 and 5, viz.,
o405y, (10aBs) + Bs0s)/v/2, (19aBs) — 1By9s))/v2, and [Bsfs> and with the
degenerate central transition arising from the two spin states (JouPs)+
IBs0i5))/ V2 and (loaBs) — |Bsots))/ V2, there are three detectable transitions. The
two outer transitions correspond to one of the spin states |o405) and [Bafs),
respectively. For each spin state |o405) and |B4fs ), eight different SQ transitions
are selectively correlated. The analysis of any one of these cross-sections is
sufficient for the determination of dy and Dyyy. Nevertheless, the analysis of any
of the cross-sections requires the realistic values of proton chemical shifts in
addition to Dy as the starting parameters. The knowledge of the elements of the
ordering matrix is essential to estimate Dyyyy.

The analyses of correlated SQ transitions for each spin state |oy05 > and [B4fs )
of 'F provide two proton dipolar couplings and two proton chemical shifts. The
knowledge of Sxx derived from the F DQ-SQ experiment and the molecular
symmetry aided the estimation of realistic value of D13 which was kept constant
during initial iterations. The dipolar coupling Dy, and the two proton chemical
shifts are required to be determined from the detected eight transitions. Thus,
iterative analysis not only speeded up but all the spectral parameters could also
be determined precisely. Using these parameters together with the fixed
geometry, approximate values of Dy and both the elements of the order matrix
could be estimated to a reasonable precision using the computer program
SHAPE.'” With the knowledge of the parameters derived from the analyses of
both 3Q-5Q and DQ-5SQ spectra, the complex one-dimensional spectrum could
be analyzed in a conventional way keeping the Dy and Dgg values as constant
during the initial iteration. However, in the final step, all the parameters were
iterated for better precision of the spectral parameters. It should be mentioned
that the vital information derived on one of the order parameters was useful in
the analysis of the spectrum and simplified the tedious procedure of varying this
parameter while estimating the starting parameters. The final iterated dipolar
couplings (D13 and Dgs) agree with those estimated from the MQ-5Q spectra,
thereby confirming the realistic estimate of an element of ordering matrix.

4.6.2 Analyses of the 'H NMR spectra of a six spin system:
1,4-difluorobenzene
The above technique has also been applied for the analysis of the complex 'H
spectra of six coupled spins, viz., 1,4-difluorobenzene. The coupled protons and
fluorines of this molecule form the spin system of the type AA'A"A""XX'
Possessing C,y symmetry, in the coordinate system chosen, this molecule also
requires two elements of the order matrix, viz., Sxx and Syy, to define its
orientation. It is clearly evident from the one-dimensional spectrum of this
molecule that it is impossible to estimate the value of any one of these
parameters. The 'H 4Q-SQ and "F DQ-SQ spectra of the molecule have been,
therefore, employed and are given in Figure 13. The analysis of DQ-5Q spectrum
provided the value of Syy.
As in the previous molecule, the iterative analyses of the cross-sections along
SQ dimension corresponding to the spin states |os06) and [BsBs) in the
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Figure 13 (a) The 500 MHz 'H 4Q-5Q spectrum of 1,4-difluorobenzene oriented in the liquid
crystal ZLI-1132 with corresponding F; and F, projections; (b) the 500 MHz "F DQ-5Q spectrum
of 1,4-difluorobenzene oriented in the liquid crystal ZLI-1132 with corresponding F; and F,
projections.

4Q-5SQ spectra of Figure 13 have been carried out. Due to very few transitions in
each of these cross-sections, the combined analysis of these cross-sections was
essential. The iterative analysis of the cross-section requires three Dy and the
chemical shifts of all the protons were taken as zero. Yet again the realistic value
of one of the three Dyyy; could be estimated. The conventional iterative analysis of
the one-dimensional spectrum was carried out initially keeping all the Dy fixed
and varied in the final iterations. It is clearly evident from these studies that the
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MQ spin state selective detection can be employed to estimate an element of the
order matrix, which aids the analyses of the very intricate NMR spectra.

4.6.3 Domain filtering and additional spectral simplification
It may be appropriate to point out that in the molecules possessing symmetry
elements, the homonuclear higher quantum correlation results in the filtering of
the spectral domains. This concept of domain filtering based on the irreducible
representations of the symmetry elements is well documented in the literature.'”*
The symmetry preserving correlations are expected only between the transitions
of the same domain.'”® Thus, for the molecules investigated, the total number
of transitions detected in the SQ dimension from all the passive spin states is
less than the single quantum transitions. This also depends on the molecular
symmetry and the order of the quantum detected. It is appropriate to mention
that the reduced number of transitions observed due to domain filtering also
simplifies the complexity of the spectrum further.

Until this point, the discussion was restricted to simplifying the analyses of com-
plex proton NMR spectra of strongly dipolar coupled systems. In the subsequent
part of the chapter, the focus will be on the weakly dipolar coupled spin systems.

5. ANALYSES OF COMPLEX 'H NMR SPECTRA OF WEAKLY DIPOLAR
COUPLED SPINS

Despite several advances made in the field, the analyses of the proton NMR
spectra of strongly dipolar coupled spins remain problematic, especially with
larger dipolar coupled network of spins. In such situations, it may become
impossible to identify the resonances because of numerous dipolar coupled pairs.
Additional possible avenues to scale down these dipolar couplings have been
explored. One such possibility is to exploit the larger diamagnetic susceptibility
anisotropies of the molecules. Energy of interaction of such molecules is
orientation dependent and results in additional splitting, whose direct measure
provided the coupling information. The bigger macromolecules possess large
diamagnetic susceptibility anisotropies and result in field-induced orientation.
However, one must remember that in reality not many macromolecules possess
large magnetic anisotropies and this is limited to metalloproteins and DNA
helices which have regular structures. It also implies that the field-induced
orientation of small molecules is a remote possibility.

To simplify the analyses and to extract the residual dipolar couplings, diverse
weakly aligning media are reported in the literature, viz., direct field-induced
orientation, bicelles, chiral organic solvent such as PBLG, bacteriophage,
anisotropically compressed polyacrylamide gel, detergent-compatible liquid
crystals based on DNA nanotubes and nucleic acid G-tetrad structures, para-
magnetic assisted alignment, collagen gel, etc. The residual dipolar couplings
measured between the pairs of interacting spins provide long-range orientational
restraints and have been extensively employed to obtain the high-quality
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structures of proteins and the molecular dynamics. Most of aligning media are
appropriate only to water-soluble proteins. The degree of molecular order and
the high-resolution '"H NMR spectra obtainable depend on the size of the
molecules. One should also remember that as the molecular size increases, there
is excessive line broadening of NMR signals due to larger strengths of long-
distance dipolar couplings. Added advantage of weak molecular order is that the
spectral complexity is tunable to certain extent. Thus, in majority of the studies,
the choice of the aligning media is specific to molecules. Although voluminous
amount of NMR literature is available in the application of these aligning media
to determine the structure of bio-molecules such as proteins, there are limited
studies on small organic molecules. For more discussion on the weak alignment
and the measure of residual dipolar couplings, there are numerous studies
documented in the literature.'”"*® An excellent recent review '*” also provides
information on the employment of RDCs for the structure determination. The
present report is restricted to the use of weak aligning media for extracting the
residual dipolar couplings in small molecules.

5.1 Thermotropic liquid crystals providing first-order spectra

Quaternary ammonium salts when dissolved in appropriate liquids are known

to form several types of aggregates. They could be lyotropic liquid crystals, mono-

layers and bilayers,"”®"*" thermally reversible gels, and thermotropic meso-

phases.**'*! It is also reported that simple quaternary ammonium salts with one
short and three long chains form enantiotropic thermotropic nematic phases.'** The
properties and potential applications of one of the salts, N-methyl-N,N,N-
trioctadecylammoniumiodide (MTAI), has been studied by doping the small
amounts of non-mesogenic solute cis,cis-mucononitrile."** The important feature of
this thermotropic liquid crystalline phase is that the order parameter is very small.
Therefore, the dissolved molecules should provide spectra analogous to weakly
coupled spins. This molecule has four protons and possesses Cy;, symmetry. The
weak alignment provided the simple first-order proton spectrum containing
essentially two groups of lines centered nearly at the isotropic positions. The split-
ting within the two groups provided directly the dipolar coupling between the
protons. It should be emphasized that the proton spectrum of cis,cis-mucononitrile
in thermotropic liquid crystal ZLI-1167 pertains to strongly dipolar coupled spins
and it is difficult to assign chemical shifts to specific protons or to extract the
coupling information without numerical iterations. The low-order parameter of the
liquid crystal MTAI thus aided the analysis of the complex spectrum.

5.2 Orientation in bicelles

Several compounds in aqueous solutions are shown to form liquid crystalline
phases.'?”'**!** Generally, they are mixture of phospholipids. In aqueous
solutions, these lipids switch from a gel phase to a liquid crystal phase, where
they form disc-shaped molecules. They are generally referred to as bicelles.'*’
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The percentage of water is the decisive factor in achieving such an ordered phase.
At low concentrations, samples generally are very viscous and would not allow
molecular reorientation in the NMR time scale. At very high concentrations,
discoidal micelles are probably broken into smaller isotropically tumbling units
that do not orient. At an intermediate concentration, the characteristic of the
liquid crystalline orientation is seen. In such ordered systems, the surface of
the disc is either parallel or perpendicular to the applied field. The lipids are
generally diamagnetic and as a result orient with their normal orthogonal to the
magnetic field. Structural information of small molecules aligned in such bicelles
have been reported.'**'*” The liquid crystallinity can be maintained even at very
low concentrations of nearly 3% (w/v) of the bicelles. At low concentrations, the
spacing between the bicelles is far greater than the size of the macromolecules
such as proteins and nucleic acids. As a result, the macromolecules dissolved in
such a medium undergo rotational diffusion. At low bicelle concentration, the
degree of alignment obtained is large enough to measure only the dipolar
couplings between nuclei in close proximity. This renders the NMR spectrum
simple and is not complex as seen normally in thermotropic liquid crystals.
The use of bicelles for deriving the dipolar coupling information and thereby
the geometry of the molecules has been demonstrated on pyridine.** The
chemical structure, the numbering of interacting spins in pyridine, and the
proton spectra in isotropic, bicelle, and EBBA phases are given in Figure 14.
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Figure 14 Structure and numbering of atoms in the molecule pyridine with the chosen
Cartesian coordinate system. Proton spectrum of pyridine in (a) solvent D,O, (b) bicelle phase,
and (c) nematic phase of EBBA.
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The weak coupling character of the spin system in the isotropic and bicelle phase
and the strong coupling character in EBBA phase are evident from the figure. The
proton spin system in the isotropic and bicelle phase is of the type AA'MM'X. On
the other hand, in strongly orienting thermotropic liquid crystal EBBA, the
coupled protons form spin system of the type AA'BB'C. The spectrum pertaining
to H(2, 4) and H(3) in the bicelle phase has a close resemblance to the isotropic
phase spectrum even with additional features arising from the presence of
dipolar interactions. The analysis of the spectrum in the bicelle phase is
straightforward and similar to the spectrum in the isotropic phase. The fully
coupled "°C spectra of this molecule in bicelle and isotropic phases are given
in Figure 15. The separations of the transitions in bicelle phase provide J;+2D;;.
The knowledge of J; values provides the D;; values in both 'H and '’C spectra.
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Figure 15 Expanded regions of fully coupled natural abundance C spectrum of pyridine in
the isotropic and bicelle phase corresponding to: (a) carbon 6, (b) carbon 7, and (c) carbon 8.
In all a, b, and ¢, top traces correspond to the spectrum in bicellar phase and the bottom
traces correspond to spectrum in isotropic phase.
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However, though weakly coupled, the analysis of the 'H spectrum is not first
order and the iterative analyses of the spectrum are required to be carried out
using the above estimated dipolar couplings and chemical shifts as the starting
parameters. The dipolar couplings estimated directly and those derived precisely
by iterative analyses in bicelle phase agree with each other. Furthermore, the
structural and orientational parameters determined in bicelle phase have been
reported to be in close agreement with those obtained from thermotropic liquid
crystalline phase, implying that the simplified analyses of the spectra can be
employed for structural studies of small molecules.

6. NMR STUDIES OF CHIRAL MOLECULES

Different compounds possessing identical molecular formula are called
isomers.'*® The isomers having the same bond connectivity but differing in the
arrangement of their atoms in space are called stereo isomers. Stereo isomers are
classified as enantiomers and diastereomers. Enantiomers are stereo isomers
that are mirror images of each other but at the same time are not super imposable
and they rotate the plane polarized light in the opposite directions. On the other
hand, stereo isomers which are not mirror images are called diastereomers.
Molecules which are super imposable on their mirror images are called achiral.
The rate of reaction of enantiomers with achiral molecules is same. In a chiral
environment, the properties of enantiomers differ. They react at different rates
with other chiral reagents. Thus, NMR frequencies of enantiotopic nuclei are
isochronous in an achiral medium and do not permit discrimination of
enantiomers. However, the resonances of diastereotopic nuclei are anisochronous
and enantiodiscrimination is possible. Therefore, for the determination of
enantiomeric purity using NMR, a chiral auxiliary is essential to convert the
mixture of enantiomers into a diastereomeric mixture. The non-equivalent
chemical shifts of diastereomers generally give a resolution of the appropriate
signals and the diastereomeric composition can be measured directly from the
area of the one-dimensional spectrum or from the volume of the two-dimensional
contours, which give the enantiomeric ratio of the original mixture. Three types
of chiral auxiliaries '** are routinely employed for such a purpose. Chiral
lanthanide shift reagents'””'*' and chiral solvating agents (CSAs)'**'*® form
diastereomeric complexes in situ with substrate enantiomers and used directly.
On the other hand, chiral derivatizing agents (CDAs)'** form discrete
diastereoisomers prior to NMR analysis. The chemical shift non-equivalence
generated by CDA is five times larger than that for related complexes with CSA.
However, the use of CDA has some intrinsic disadvantages. If the derivatizing
agent is not enantiopure, a small quantity of enantiomeric compound leads
to reduced values of enantiomeric purity. CDA can be used in the presence
of a reactive function and great care is required to exclude the possibility of
racemization or kinetic resolution due to differential reaction rates of the
substrate enantiomers.
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6.1 Chiral liquid crystal solvent and differential ordering effect (DOE)

It was recognized way back in 1968'* that the NMR spectra of enantiomers
dissolved in a chiral anisotropic media are not identical. Anisotropic interactions
being order sensitive permit their discrimination. The PBLG solvent acts as a
weakly orienting chiral medium for visualization of enantiomers by the multi-
nuclear detection of NMR resonances. It has also been proved as an efficient and
convenient tool for enantiomeric excess (ee) measurement. There is an
enantioselective interaction between the polypeptide helices in the PBLG and
the enantiomers. This leads to substantial orientational difference called DOE.
The choice of the solvent is very critical”>'*® for DOE. Geometric shape recogni-
tion as well as the enantioselective electrostatic interaction is the key mechanism
behind the discrimination. This differential orientation of the principal axis
system of the enantiomers is schematically depicted in a review.'>®

It is observed from the extensive work'” on measurement and analysis of the
molecular ordering tensors of two enantiomers of a chiral molecule, (+)-f-
(trichloromethyl)-B-propiolactone, oriented in a polypeptide liquid crystal
system that the principal axis systems of the R and S enantiomers are not mirror
images of each other. It is found that the two principal axis frames are tilted by an
amount that can be expressed through Euler angles (0 = 16.02°, ® = —0.41°, and
x = —2.50°). Through these three rotation angles of one of the principal axis
system, this frame can be made to coincide with the mirror image of the other.

6.2 Desired properties of the PBLG solvent

The desired properties that a chiral liquid crystal (CLC) solvent should possess
are: (a) good solubility of organic compounds to provide homogeneous
anisotropic mesophase and flow viscosity, (b) there should not be any
interference from CLC in the NMR spectrum of the solutes, and (c) anisotropic
solvents should have low order to retain the first-order character of NMR spectra.
The analysis of first-order spectrum does not require any numerical iterative
calculations. Added advantage is that low-order parameter reduces the line width
and provides higher signal to noise ratio (S/N) as well.

The liquid crystal PBLG with various organic helicogenic co-solvents is
found to exhibit all the above desired characteristics. It is found that in such
co-solvents, the main chain of the synthetic homo-polypeptide adopts a rigid
a-helical conformation while the glutamate side chains branch out from the main
helix forming a helix.'**'*” PBLG solution displays liquid crystal property only
over a certain range of concentrations. Over this concentration range, the chiral
fibers orient so as to build themselves into a macroscopic supramolecular helical
structure of directors in the mesophase. In a magnetic field, the supramolecular
helix unwinds and the phase displays the property of a chiral nematic. The
molecular diamagnetic susceptibility (Ay,, >0) has positive anisotropy with the
director homogeneously aligned parallel to the static magnetic field.'**'®”
Among the co-solvents, the most suitable are chloroform, dichloromethane,
dioxane, and THE.'®*'%® The necessary requirement for co-solvents is that it
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should homogeneously dissolve the polypeptide in addition to preserving the
a-helical structure of the polymer solvent.

6.3 Order sensitive NMR parameters and chiral discrimination

The various anisotropic NMR interaction parameters employed for chiral
discrimination are chemical shift anisotropy (Asy), spin—spin coupling anisotropy
(ATy), and the quadrupolar splitting for I>1/2 nuclei (Avy). ATy contains two
contributions: dipolar coupling (Dj) and anisotropic scalar coupling (Ajy).
However, for protons, Ajy is not significant compared to the Dy;. The spectra in
CLC have anisotropic contributions. Relative magnitudes of the anisotropic
interactions toward the DOE of enantiomers follow the decreasing order
|Avgi| <|ATy| <|Acy|. These anisotropic interactions are excellent tools and are
employed as indicators for chiral discrimination.

The nuclei that are of interest in unlabeled organic chiral molecules are 'H,
C, and °H in natural abundance. The observables that are employed for
detecting DOE are: (a) chemical shift anisotropy of different nuclei, viz., Aop,
Aoy, and Aocc; (b) spin—spin coupling anisotropy between different types of
nuclei, ATy, ATap, ATpp, ATcc, AT, and ATcp; and (c) quadrupolar coupling,
Avgp. Because of dilute character of 13C and °H, some of these parameters are
insensitive toward DOE. Enantiomers containing active X nuclei such as 19 3lp
and I>1/2 nuclei such as '°B and B, etc., provide additional NMR observables
such as Aox, ATnx, ATcx, or Avgx and thereby additional observables for the
discrimination.

Unambiguous NMR results are obtained for samples with PBLG concentra-
tion between 12 and 25% (w/w).'>® Reasonable amount of the solute (1-20%,
w/w) can be dissolved in PBLG/co-solvent mixtures without disturbing the
liquid crystalline property of the solvent. The average molecular weight of PBLG
plays a crucial role in determining the quality of discrimination. For the same
co-solvent and PBLG concentration, significant reduction in viscosity of the phase
is observed as the molecular weight of the solute is reduced. This is an important
point because greater the fluidity, longer the T, and hence better S/N ratio.

7. EXISTING NMR EXPERIMENTS FOR CHIRAL DISCRIMINATION

7.1 C NMR in natural abundance

Carbon-13 detection in natural abundance is very useful for diverse reasons'™:
(a) the absence of coupling between two dilute spins, (b) the '*C spectra in PBLG
can circumvent the problem of resolution and the severe overlap of transitions
arising from too many residual dipolar couplings, (c) the high By magnetic
fields provide better sensitivity, even for a small amount of material in short
experimental time, (d) the order parameter of PBLG being high compared
to the solute molecules, its resonance signals are relatively broad, and (e) the
large Ag; for sp or sp® carbon atoms is also advantageous for discrimination.
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Both one-dimensional proton coupled as well as proton decoupled *C experi-
ments have been employed for discrimination. In the one-dimensional proton
coupled "°C experiments, chiral discrimination is achieved through the difference
of Ag; as well as Dcyy. A methyl group dlsplays a quartet where the separations
between successive transitions are given by TCéI = Jcu, + ZDCH A methylene
group is a triplet with the separation between successwe transitions bemg TCI/:
R/
Jen, +2D¢
splitting of rnethyl protons is observed due to coupling (TC£13---CH) with methine
proton in groups such as CH3CH. However, the value of Tcy and Ag; for
individual carbons being different for the R and S enantiomers, chiral
discrimination is feasible. The signs of Yen and ?Jcy are known to be positive
and considering that 'Deyy and ®Deyy are smaller than 'Jcgy and *Jcyy, in the PBLG
phase the absolute signs of the dipolar couplings have been determined."”” Since
highly resolved spectrum is a prerequisite for the discrimination based on Dy,
the applicability of the proton coupled '>C NMR is limited to small molecules.
One-dimensional proton decoupled *C experiments are advantageous in
view of simplified analyses and sensitivity and greater precision in measuring
enantiomeric excess (ee). Well-dispersed chemical shifts aid the assignment of
resonances to chemically inequivalent '>C spins. The chemical shift anisotropies
of '°C being small in PBLG, the '*C chemical shift positions are nearly equal to
the isotropic ones. Thus, the assignment to enantiomeric carbons is pretty
straightforward. ee could be measured from the areas of the peaks discriminated.
Accuracy of ee measurement using '°C detection is between 5 and 10%."*°

and a methine group is a doublet TC =Jceu+ 2D >, Additional

7.2 2H NMR in natural abundance

The strength of the deuterium quadrupolar interaction being larger and most
sensitive to order parameter, generally majority of the studies employs *H
NMR for enantiomeric discrimination.'®”'”* There is voluminous amount of
data reported in the literature on the use of *H detection. Many one- and two-
dimensional experiments have been reported for such a purpose using
deuterium in its natural abundance. The employment of ’H NMR in natural
abundance in the isotropic phase and in labeled molecules in both isotropic and
anisotropic phases is well known from the early days of NMR spectroscopy.'”
The use of it in the natural abundance for chiral analyses is cited in the literature
as NAD-NMR. As far as the sensitivity of NAD-NMR is concerned, the feasibility
of routine employment of this technique has been pointed out.'”* It has also been
pointed out that deuterium T, relaxation rates for solutes dissolved in PBLG are
generally much lower than that of '°C. Therefore, the faster acquisition of data is
possible with similar S/N ratio. This also overcomes the tedium of isotopic
enrichment for observing deuterium signals in PBLG.

At natural abundance, Jpp and Dpp are undetected. In 'H decoupled NAD
NMR spectra in PBLG, each non-equivalent “H site in a molecule gives rise to
independent quadrupole split doublet. In a racemic mixture of enantiomers
possessing ‘n’ chemically inequivalent deuterium, ‘2n” doublets are observed.
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When there is a severe overlap and the identification of the quadrupolar
doublets becomes tedious, the well-known correlation of coupled energy states
has been employed. Consequently, 2D autocorrelation deuterium NMR experi-
ments such as QUOSY and QCOSY have been reported.'””'”® The cross-peaks of
the 2D matrix enabled the separation of all the sets of quadrupolar doublets.
There are also reports of three-dimensional experiments and the phase sensitive
versions of two-dimensional methods.'””'”®

7.3 Advantages of proton NMR for chiral analyses

The routine employment of 'H detection for chiral analyses is severely hindered
due to enormous loss of resolution arising from numerous short- and long-
distance couplings. The sensitivity of Agy toward DOE in PBLG is very weak and
the chemical shift difference between the enantiomers is negligibly small. Thus,
the indistinguishable superposition of two independent 'H spectra from the two
enantiomers for a racemic mixture is inevitable. This overlap combined with
broad and featureless spectra renders the analyses of 'H spectra difficult even for
small molecules with five or six interacting spins. The discrimination and
disentangling of this overlap is a formidable task. Thus, in the literature, the
analyses of 'H-detected spectra have been described as either difficult or
impossible'™ and there are very few reported studies for chiral visualization.
Nevertheless, the 'H-detected NMR spectra, in spite of their severe complexity
when employed for big molecules, are the preferred choice for chiral molecules
because of their high sensitivity, high natural abundance, and enormous saving
of experimental time.

As far as the spectra of enantiopure molecules in PBLG are concerned, the
spins are generally weakly coupled and the first-order analyses are feasible in
most of the situations. However, the spectral complexity arising from too many
unresolved transitions hampers their analyses. The complexity and the first-order
interpretation of different enantiopure chiral molecules with increasing order
of their complexity will be initially discussed in the following sections. For
this purpose, four different molecules, each possessing a chiral center, whose
chemical structures and the labeling of the interacting spins are given in
Figure 16, have been chosen. Subsequently the methodologies developed for
combating the analyses of their complex 'H spectra in the chiral liquid crystal
PBLG, given in Figure 17, are discussed.

7.4 The first-order analyses of NMR spectra in PBLG solvent

7.41 'H NMR spectrum of (R/S)-2-chloropropanoic acid

The "H NMR spectra of (R/S)-2-chloropropanoic acid (Figure 17a) display well-
isolated peaks for methyl and methine protons. The signal from the hydroxyl
proton is broadened and does not display coupling to other protons. Thus, the
coupled protons in (R/S)-2-chloropropanoic acid pertain to the spin system of
the type A3X, where A refers to methyl protons and X corresponds to methine
proton. The spectrum is amenable for first-order analysis. The methyl protons
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Figure 16 Racemic structures of the molecules: (a) (R/S)-2-chloropropanoic acid, (b) (R/S)-3-
butyn-2-ol, (c) (R/S)-propylene carbonate, and (d) (R/S)-propylene oxide. The chiral centers
are marked with *’
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Figure 17 From top to bottom—500 MHz one-dimensional 'H spectrum of: (a) (R/S)-2-
chloropropanoic acid, (b) (R/S)-3-butyn-2-ol, (c) (R/S)-propylene carbonate, and (d) (R/S)-
propylene oxide. The expansions of the particular regions of each spectrum and the
assignment to different protons are shown.

are split into 1:2:1 triplet due to residual proton—proton dipolar couplings among
the magnetically equivalent protons. The separation between two adjacent
transitions provides 2Tun (= 3 x °Dyp), where T refers to the sum of the three
dipolar couplings (*Dyyr;) among methyl protons and the superscript 2 refers to
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the proton that is two bonds away. Due to magnetic equivalence, Ji;;; does not
influence the spectrum and the separation of two consecutive transitions directly
provides (3 x “Dyyy). Each of these transitions is further split into doublets of
equal intensity due to coupling CJi+2 x *Dyyry) with methine proton. Thus,
the six transitions observed can be visualized as two Aj subspectra correspond-
ing to two spin states of X spin. One of the Az subspectra correspond to methine
proton in the o) state and the other for the methine proton in the |B) state.
Similarly, the methine proton is a quartet due to its coupling with methyl
protons. In a racemic mixture, there will be an overlap of spectra from both the
enantiomers.

7.42 'H NMR spectrum of (R/S)-3-butyn-2-ol

The one-dimensional 'H NMR spectrum of the molecule in the solvent PBLG is
given in Figure 17b. The spectrum has well-resolved and isolated peaks for the
CHj; and two CH groups. The peak due to hydroxyl proton is broadened and
does not display coupling pattern from any other protons. However, all the
remaining protons are coupled among themselves. The protons of (R/S)-3-butyn-
2-ol form a spin system of the type AsMX. The methyl protons (Aj3) experience
three different types of couplings, viz.: (a) coupling among themselves (*Tyyy)
leading to a triplet, (b) coupling between methyl (A;) and methine (M-spin)
proton (Tyyyy) giving a doublet for each transition of the triplet, and (c) coupling
between methyl (A3) and acetylenic (X-spin) proton (°Tyyy) giving a doublet of
doublet of a triplet. The 12 transitions observed can be construed as 4 Aj
subspectra corresponding to 4 possible passive spin states of M and X spins
together. Similarly, each M and X spin is split into doublet of a quartet because of
coupling to CHj protons and the remaining acetylenic/methine proton.

7.43 'H NMR spectra of (R/S)-propylene carbonate and
(R/S)-propylene oxide

The one-dimensional spectra of (R/S)-propylene carbonate and (R/S)-propylene
oxide are reported in Figures 17c and 17d, respectively. The protons of each
molecule form a weakly coupled spin system of the type A;MPX, where Aj
corresponds to methyl protons, M and P are the two methylene protons, and X is
the methine proton. The methyl protons experience four different type of
couplings, viz.: (a) couplings among themselves (*Tyyy) leading to a triplet, (b)
coupling between methyl (A3) and methine (X-spin) proton CTyypy) giving a
doublet for each transition of the triplet, and (c) two different couplings from the
two diastereomeric methylene protons (*Tyy) giving rise to further splitting of
each transition to doublet of a doublet. Thus, 24 transitions are observed for
methyl groups which can be visualized as 8 Aj; subspectra corresponding to 8
spin states of M, P, and X together. The multiplicity for each M, P, and X spin will
be doublet of doublet of quartet.

Though the first-order interpretation of the multiplicity pattern of the 'H
spectra of all the molecules discussed above is generally feasible, in a racemic
mixture the discrimination of the spectrum for each enantiomer and the
discerning of the degenerate transitions is a prerequisite. Furthermore, when
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the size of the molecule becomes bigger, the spectra become increasingly complex
and the simplification of the complex multiplicity pattern is essential for their
analyses. The novel experimental methods have been developed recently to
combat many inherent problems and limitations in the proton detection. All the
developed pulse sequences manipulate the spin dynamics to utilize the para-
meters, viz., Aoy, Dy, or Doy (with °C in natural abundance) from the proton
spectrum. Before discussing the recent developments, a short discussion on
earlier reported works for the visualization of enantiomers will be highlighted.

7.5 Earlier 'H experimental methods for chiral discrimination

7.5.1 Two-dimensional 'H selective refocusing (SERF)

As discussed earlier, in PBLG the methyl resonance of a molecule is a triplet due
to dipolar couplings (Dyp) among methyl protons. However, the presence of
small RDCs to remote protons causes excessive broadening and precludes the
observation of any fine structure, as in Figures 17c and 17d. If, on the other hand,
all the remote couplings are refocused, then the dipolar split triplet patterns for
the R and S enantiomers can be visualized. In SERF experiment, this is achieved
in the t; dimension. This concept, originally demonstrated for isotropic systems,'”’
has been applied for chiral molecules.'® In the pulse sequence, a SERF pulse on
the methyl protons in the middle of #; dimension refocuses the remote couplings
and retains only the couplings among the methyl protons. In the #; dimension, the
two distinct triplets for the R and S enantiomers are observed with the overlapped
central transitions. Thus, the enantiomers are discriminated using methyl
resonances. The integration of the outer components of the triplets for R and S
enantiomers provided the ee. To detect the proton—proton couplings between
methyl protons and the remote proton, two SERF pulses are used to selectively
retain the coupling between them.'®

7.5.2 Heteronuclear selective refocusing (HETSERF)

The prerequisite for SERF experiment is that proton resonances should be well
isolated for selective excitation. This may not always be possible. Also a specific
proton—proton coupling may not lead to discrimination in all the cases. To
overcome these difficulties, the HETSERF experiment was developed.'®" This
experiment takes advantage of the large chemical shift range of proton decoupled
13C spectra and reduces the multiplicity of 'H coupled '’C transitions. This
provides enhanced sensitivity. In HETSERF experiment, in the middle of the t;
dimension, simultaneous application of a SERF pulse on the particular group of
proton(s) and a non-SERF pulse on '°C refocuses the '>C chemical shifts and all
the heteronuclear couplings except the coupling between the selectively excited
proton(s) and all the 13C in the molecule. Thus, the information content in the #
dimension is the couplings between the selected proton(s) and the carbons. This
simplifies the spectral analysis. The differential values of heteronuclear couplings
between selected proton(s) and carbons, at different 13C sites, enabled chiral
discrimination in the t; dimension.
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7.5.3 BIRD module in X—H correlation experiments

The requirement of selective excitation limits the merits of SERF and HETSERF
experiments. To overcome these limitations, a set of non-selective experiments
has been reported where a BIRD module is incorporated in the #; dimension
of X-H correlation experiments.'® These experiments involve either 'H or '°C
coherences at the beginning of the ¢; evolution time and hence the spectrum in F;
dimension retains one bond heteronuclear coupling and geminal proton—proton
coupling. The experiments falling in this category are: '*C-J-resolved-BIRD,
J-HSQC-BIRD, J-HMQC-BIRD, and 'H-J-HSQC-BIRD.

8. DOUBLE QUANTUM SELECTIVE REFOCUSING (DQSERF):
A NOVEL CONCEPT

This is the novel pulse sequence developed recently.'® The selective DQ
excitation of methyl protons has a distinct advantage in the molecules where
the 'H signals from this group can be selectively excited. The DQ excitation
corresponds to flipping of any two protons of the methyl group (active spins) in
the presence of the third (passive spin) proton. The pulse sequence for DQSERF is
shown in Figure 18. An application of a SERF 180° pulse on the methyl protons in
the middle of the DQ dimension removes the effect of couplings from the long-
distance protons and retains only short-distance passive coupling to a methyl
proton, which is not involved in DQ coherence, resulting in a doublet. MQ
coherence evolves at the sum of the passive couplings. The sum of the two
passive couplings from the passive proton being different for two enantiomers,
the doublets get separated from each other. The presence of DQ-5Q conversion
pulse, unlike in SERF experiment, leads to coherence transfer from DQ to SQ in
such a way that each cross-section along SQ dimension displays a normal
enantiopure one-dimensional 'H spectrum.
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Figure 18 The pulse sequence for the selective excitation of DQ coherence of methyl
protons in the molecules given in Figure 17. The pulse phase @, is x, y, —x, and —y with the
receiver phase being x all the time. Phases of all the remaining pulses were set to x. Double
quantum to single quantum coherence transfer pathway has been selected by setting the
gradient ratio G;:G, as 1:2. Selective pulses are seduce-shaped pulses. Reproduced with
permission from American Chemical Society.
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8.1 Dynamics of nuclear spins in SERF and DQSERF sequences

In this section, we bring out the highlights of the SERF experiments and some
salient features ignored in the initial report in the context of chiral discrimina-
tion.'® The modified SERF experiment shows that in addition to measurement
of couplings among particular group of protons in the t; dimension, the t,
dimension can also be utilized to measure the couplings to remote protons.'®’

The earlier reported work on SERF employs only the indirect dimension to
determine a particular coupling, for example, among methyl protons of the
molecule (R/S)-propylene oxide. To determine one of the remote couplings, say,
coupling between methyl and methylene protons in a molecule, a second
experiment is suggested'*’ by applying a biselective pulse on these two groups.
It has been demonstrated that in a single experiment, it is possible to determine
the coupling among methyl protons and also some of the remote couplings in
favorable cases. In the subsequent section, the DQSERF experiment is described.
The polarization operator approach is employed in understanding the spin
dynamics in both these sequences.

8.2 Behavior of magnetization in a SERF experiment

For theoretical understanding of the magnetization in the SERF sequence, a
coupled A;X spin system is considered where two different types of couplings
Taa (=3Dup) and Tax (= J+2Dpp) (Taa>Tax) are present (T is the sum of
dipolar and scalar couplings). Although for the theoretical understanding of the
pulse sequence we have assumed a weakly coupled spin system of the type A3X,
in reality the Aj spin system cannot be treated as a weakly coupled one. The real
symmetric spin functions are to be taken into account in order to analyze the
spectrum.

All the three possible couplings Tan in Aj are equal. Considering the
selective excitation of A spin SQ coherences and the decoupling of X spin in
the t; dimension, by SERF pulse on A spin, the SQ terms present in this
dimension are

1 1 1
SIS + IS I + 17 35)

Thus, t; dimension is a triplet pertaining to the four transitions I2 1515, 2] E\I?,
Iﬁ]?l’g, and Iﬁlﬁllg where the central two transitions are degenerate. As there is
no mixing pulse between the t; and f, dimensions, the spin states involved in
these transitions remain unperturbed in both the dimensions. The spin operators
and the frequencies present in t; and f, dimensions are given in Table 1. The
passive coupling Tax being present in the direct dimension, the transitions can
be rewritten as given in the third column of Table 1. The effective Hamiltonians,
respectively, in t; and t, dimensions are

H=nTy,h2I415 and H = ol + nTi,p, h2I505 + nT,, h2I51%  (36)
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Table 1 Correlation between the transitions in the t; and t, dimensions in a SERF experiment
(frequencies are given inside bracket)

Spin operators  Frequenciesint; Spin operators in t; Frequencies in t;
in t; dimension  dimension dimension dimension
ATATA (-Tan) 1 1
I+Iu1a 1?[?1?-(1;( +I§) <60A Z|Z2TAX> - TAA
ATATA () 1
L b ATy E(13; +1) (a)A + —TAX> +0
ATATA 0) 1 1
LI, AN S (I + 1) <wA + ETAX) +0
ATATA (+Tan) 1 1
L Ig T IYIRTR 5 (I + 1) <wA 5 TAX> + Taa

It is obvious from Table 1 that corresponding to each component of the triplet
in the t; dimension, the direct dimension displays a doublet. The appearance of
the SERF spectra (Figure 20) will be discussed in the later section. However,
it is suffice to mention at this juncture that it is evident from Figure 20 that the
separation T in t; dimension being different for the R and S enantiomers, there
is chiral discrimination visualized for the outer components of the triplets. But
central transitions for the R and S enantiomers are, however, overlapped. The
new feature in this SERF spectrum compared to that reported earlier'®’ is that the
remote couplings can be extracted from the direct dimension, viz., transition at
—Taa in the indirect dimension produces a doublet (Figure 20c) due to remote
coupling at (wa £ (1/2)Tax) — Taa in the direct dimension.

8.3 Dynamics of spin system in a DQSERF pulse sequence

The designed pulse sequence for DQSEREF is reported in Figure 18. In this case
also, the analysis of the pulse sequence is discussed for an A3;X spin system.
However, the theory can be extended for different spin systems. The selective
excitation of DQ coherence of Aj; spin is assumed. The magnetization
immediately after the second 90° pulse at point B in Figure 18 is —2I4I5. In

terms of polarization operators, the terms 2, Ié, EA, and EX are written as:
1 1
: a2 1)

1 1
I = E(Iﬁ +1%), 1§ = Z(Iﬁ -1%), Ef= 5
(37)

(I +1Iy), and E*=
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Using the above operators, the MQ terms (Ig14 + I3I3)EAEX are written as:
Loara _papa o ara _aayloa oAyl ox ox
Z(I+I+—I+L+LI+—I?I?)E(Iq +IB)§(IQ+IB) (38)

However, the term (1/ 2)(1;( + IE() must be neglected in the DQ dimension as
the SERF pulse on A spin decouples X spin.

Thus, (1/2)I}1} —I)IA +I21% —TIA1%)(1/2)(I5 + 1) is the only term
required to be analyzed in the #; dlmensmn The f1rst term IAIA(l /2)(1A +IA)
of the above equation has a coherence order p = 2. This is a doublet in the DQ
dimension with doublet separation 2Tas. This term is converted into SQ
coherence by the last 90° pulse of the sequence at the point C. The DQ transition
corresponding to |o) state of passive spin A, the DQ-SQ transformation, is
written as:

1 1 1 . 1 .
Z(Iﬁlﬁ)i(lﬁ) — E[Ii + 1A (12 — I’B*)]E[Iﬁ + I8 i) — Ip)] .
1 ,

x E[If + g 4 i1} — 1)

In the direct dimension, the A spin SQ coherences evolve under all the
couplings Tas as well as Tax. Thus, right-hand side of Equation (39) can be
rewritten as:

1 . 1 . 1 . 1
U+ 12+l = IS IS+ 12 Ty — IS [ = Iy + 0% + D)0 + 1)

(40)

From the above equation, a SQ coherence of order p = —1 which is observable
can be detected:

%[1‘3] % [i(I4 — IA)] [ +If 315 (IX + 1Y) (41)

Thus, the overall DQ—SQ transformation can be written in simple form as:
1. 1 1
<1A1A> 1) — —[Ié] S = IS I + Ig15 (I + I) (42)

If Taa>Tax, the frequency modulation of this leads to a doublet of a triplet.
Similarly for the DQ transition corresponding to |[B) state of passive spin X,
we get

OS2 — JUN R — N2 + 130X+ 1Y) @9

which also displays a doublet of a triplet. Thus, the same multiplicity, that is,
doublet of a triplet in SQ dimension is repeated in both the cross-sections
corresponding to the two DQ transitions in the t; dimension. The theoretical
approach is valid for any molecule with an isolated CHj; group, viz., (R/S)-2-
chloropropanoic acid, (R/S)-3-butyn-2-ol, (R/S)-propylene carbonate, and (R/S)-
propylene oxide. The DQSERF spectra of the racemic mixtures of these molecules
are discussed in the subsequent sections.
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8.4 Total separation by DQSERF in a strongly coupled A; spin system

Although for the theoretical understanding of the pulse sequence we have
assumed a weakly coupled spin system of the type AjX, in reality the Az spin
system cannot be treated as a weakly coupled one. The real symmetric spin
functions are to be taken into account in order to analyze the spectrum. Thus, a
more realistic situation is discussed below.

In a DQ-SERF experiment, the DQ dimension provides reduced multiplicity
of transitions compared to the corresponding SERF experiment. Flipping of any
two spins of the methyl protons (A spin system) in the DQ dimension mimics
the spin system of the type AX, where A is the super spin (with two protons)
and X is the spectator spin. Exciting the DQ coherence and allowing it to
evolve only under the sum of passive couplings to X spin (no chemical shift
evolution due to refocusing pulse only on A) gives a doublet at frequencies +Taa
and —Taa (where T =3x?Dyyy) as discussed below. The basic symmetry
functions for the three equivalent nuclei in A; spin system are available in the
literature.'"!

The dipolar coupling Hamiltonian that influences the spectrum of an Az spin
system can be written as’ 3DHH1121% + 3DHH1121% + 3DHHI%I%, where the Aj spin
system is labeled as A(1), A(2), and A(3). The DQ coherence evolves only under
the sum of passive couplings and not the active coupling. The effective dipolar
coupling Hamiltonian in the DQ dimension, for the DQ coherence of spins 1 and
2, can be written as 3Dpnlyl3, +3Dunlzl5. The frequency for the two DQ
transitions oot — (BPo + B + apP)/+/3 and (aaP + aPor 4 Baar)/+/3 — PPP, that
iS, (A])3/2—>(A1),1/2 and (A1)1/2—>(A1),3/2 are at +TAA and _TAA/ where
T = 3(*Dypy). Thus, the DQ dimension is a doublet with separation correspond-
ing to 2Taa.

The value of Tas being different for the R and S enantiomers, the DQ
transitions of R and S have different frequencies for these doublets, one doublet
at —TX,, +TX, and the other doublet at —T%,, +T5, enabling unambiguous
chiral discrimination. As the last 90° pulse interacts with the spin state of the
passive spin A which is not involved in the DQ transitions, there are three SQ
transitions possible from each of the above DQ transitions. They are (Ay);,,—
(A1)1/2, (A1)1/2—=(A1)_1/2, and (A1)_1/2— (A1)_3,2 with corresponding frequen-
cies —Taa, 0, and +Taa. Thus, the two triplets in the SQ dimension arise at the
already discriminated DQ transitions. Since the separation of the transitions of
the R and S enantiomers has been achieved in the DQ dimension, the SQ
transitions of the R and S forms appear in different cross-sections in the SQ
dimension. Thus, complete separation is achieved for the methyl group.
The DQSERF spectra of (R/S)-2-chloropropanoic acid, (R/S)-3-butyn-2-ol, and
(R/S)-propylene oxide are reported in Figure 19.

8.5 Appearance of 2D SERF spectrum

In SERF experiment, the three transitions for the dipolar coupled Az spin system
in the t; dimension can be calculated to be —Txa, 0, and +Txa. Since the central
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Figure 19 500 MHz 'H 2D DQSERF spectrum of: (a) (R/S)-2-chloropropanoic acid, (b) (R/S)-3-butyn-2-ol, and (c) (R/S)-propylene oxide in the
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dimension provides 3 x 2Dy for both the enantiomers, thereby enhancing the resolution for better discrimination. Reproduced with permission
from American Chemical Society.
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transition from the methyl protons at the middle of the spectrum does not evolve,
it is always at zero frequency. The frequencies in the ¢, dimension appear at
wa — Taa, wa, and wa + Taa. The absence of the 90° pulse at the end of the t;
dimension in SERF experiment, unlike in DQ-SERF experiment, indicates that
the spin states involved in the SQ transitions remain same in both #; and t,
dimensions. Thus, the transition at —T'4 o in t; dimension correlates to a transition
at wa — Taa in tp, the transition at 0 in f; correlates to a transition w, in t,, and
the transition at +Taa correlates to a transition at wa + Taa. Hence, there is a
diagonal tilt of the peaks (analogous to untilted 2D J-resolved spectrum) in such a
2D correlation matrix.

The different values of Taa for the R and S enantiomers provide chiral
discrimination in the #; dimension for the outer transitions at frequencies +T§ As
—~TX, and +T3,, —Ta,. However, the central transitions at zero frequency for
both R and S forms are overlapped. In molecules possessing other interacting
protons, the t, dimension is a multiplet due to the remote couplings for cross-
sections taken at frequencies +TR, —TR for the R enantiomer and +T°, —T* for the
S enantiomer and it is possible to pick up the transitions corresponding to each
enantiomer at these cross-sections. However, the multiplets arising out of the
remote couplings for both the enantiomers are overlapped for the cross-section
taken along the f, dimension at central transition frequency of the t; dimension
and the complete chiral discrimination is impossible in such a situation. As far as
the extraction of the information is concerned, it is possible even without the
central transition. The typical methyl proton excited SERF spectra of (R/S)-2-
chloropropanoic acid, (R/S)-3-butyn-2-ol, and (R/S)-propylene oxide are given
in Figure 20.

8.6 Optimization of 7 delay in DQSERF sequence

In (R/S)-2-chloropropanoic acid, the methyl and the methine proton resonances
are separated by more than 2 ppm. The methyl region exhibits a bandwidth of
140 Hz. Thus, the methyl protons of both the enantiomers could be simulta-
neously and selectively excited. However, the spectrum is a mixture of transitions
from the R and S enantiomers. The excitation of the DQ coherence of the methyl
protons in such a situation is non-uniform as the amplitude of excited coherence
is dependent on the coupling constants (and hence 7 delay) which is different for
the R and S enantiomers. The 7 delay is required to be optimized experimentally
to create antiphase magnetization. A series of two-dimensional experiments have
been carried out to optimize the T delay for maximizing the signal intensity of the
methyl protons for both the enantiomers. The intensity of the spectrum for the
first t; incremental delay corresponding to each enantiomer was monitored as a
function of T delay as shown in Figure 21a. The average delay of 20 ms (25 Hz)
provided maximum and comparable signal intensities for both the enantiomers
and for all the lines and was taken as optimum value. Similar optimization
for (R/S)-3-butyn-2-ol and (R/S)-propylene oxide is shown in Figure 21b and c,
respectively.
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(b) 3-butyn-2-ol (maximum intensity for all the peaks is appearing at 32 Hz), and (c) propylene
oxide (maximum intensity for all the peaks is appearing at 32 Hz). It can be observed that
there is not much difference in the signal intensity from 32 to 50 Hz.
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8.7 DQSERF and the measure of enantiomeric excess (ee)

It is well known that MQ excitation is non-uniform.” The amplitude of an
excited coherence is dependent on the coupling constants. In the present case,
though the nomenclature of the excited spin system is Aj; for both the
enantiomers, each enantiomer has different coupling constants. To excite DQ
coherence in an Aj spin system, the delay, 7, between the first and the second 90°
pulses should be less than 1 /2(2THH), where *Tyy (which corresponds to
3(*Dyn)) refers to the separation between the adjacent component of the triplets
arising from proton that is two bonds away. However, the DQ excitation is
maximum for 1/4(3 x 2Dy or 1/4CTyp). This can be understood using the
product operator formalism.'® The terms present just before the second 90° pulse
of the sequence shown in Figure 18, for an Aj spin system, can be written as:

—Iy cos® n(Tumn)t + 2IxSz sin 223 Trau)t 4+ 2IySzRz sin® n(*Trau)t  (44)

However, the experimentally found optimum values generally do not agree
with the theoretical one. One of the reasons for this is the long duration of 90° and
180° pulses and one has to consider the evolution of the magnetization during the
pulses in the spin echo part of the spin selective DQ-SQ sequence. Furthermore,
to derive optimum selectivity, only the central region of the spectrum was
considered, implying there is also a definite offset dependence of the selective
pulses employed. This is more so for (R/S)-3-butyn-2-ol where the methyl region
spread is 280 Hz, the excitation width was restricted to central 40 Hz. Also the
racemic mixture was made of unequal amount of R and S enantiomers and the
delay, 7, had to be optimized to get the maximum signal intensity for both, which
may be different from the maximum intensity of individual enantiomer.
Therefore, the intensities of the DQSERF experiments are not comparable to that
of normal one-dimensional spectrum. Thus, there are several constraints, such as:
(a) the DQ excitation is maximum for t = 1/4(3 x *Dyyyy) and there is a leakage of
magnetization due to the first and third terms in Equation (44) for this 7 value;
(b) use of average 7 delay; (c) the offset dependence of the shaped pulses used;
and (d) loss of magnetization due to ZQ coherence. Therefore, the measurement
of ee using the present method is tedious. However, there are other possible
experiments to measure ee using uniform excitation of DQ coherence over a
range of coupling constants, viz., repeating the experiment with several values of
7 and co-adding the data, 81 incrementing the delay, 7, with the evolution time
t,” and thereby achieving t averaging while 2D dataset is being acquired, and
using composite excitation and mixing geriods designed to have a uniform effect
over a range of coupling constants.'”"'”*

8.8 Analyses of DQ-SERF spectra of A;X, A;MX, and AsMPX spin
systems

Initially the DQ-SERF experiments of all the three molecules are discussed in this
section and the results are compared with SERF experiments in the subsequent
section. As discussed previously, the selective DQ excitation of the methyl
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protons in these molecules and the application of a selective 180° refocusing
pulse in the middle of #; dimension result in an AX spin system in the DQ
dimension. However, in the SQ dimension, they correspond to AzX, AzMX,
and A3zMPX spin systems, respectively. The separation of the doublet, which is
2(3 x 2Dy, for each enantiomer in the DQ dimension, therefore, corresponds to
the separation of the outer lines of the triplet of the SERF experiment. The two
distinct doublets for each enantiomer enable their unambiguous discrimination.
The cross-section of the spectrum taken along the SQ dimension for each
transition in the DQ dimension of an enantiomer corresponds to the normal one-
dimensional spectrum of the methyl group. It is evident from Figure 19 that there
is a complete separation of the overlapped spectra. Each cross-section provides 6,
12, and 24 transitions for, respectively, AzX, AsMX, and AzMPX spin systems. The
splitting patterns provide the dipolar couplings among the methyl protons
(*Dyiy) and between methyl and remaining coupled protons (T, where the
superscript n refers to the proton that is n bonds away) for each enantiomer.
Thus, analyses of the cross-sections of each enantiomer taken along the SQ
dimension give all the couplings provided there is good resolution.

8.9 Advantages of DQSERF over SERF

The significant advantage of the DQ-SERF experiment is obvious when com-
pared to the SERF experiment. In the SERF spectrum of (R/S)-2-chloropropanoic
acid (Figure 20), the F; dimension is the X part of the AXy type, where N is the
number of equivalent spins centered at zero chemical shift. As observed from
the spectrum, the central transitions from both the enantiomers are never
distinguished. The diagonal tilt of the doublets is visible from the spectrum as
discussed earlier. This situation appears in the weakly coupled spin systems.
However, the advantage of this can be exploited as far as the determination of the
couplings to long-distance protons is concerned. The cross-section taken along
the SQ dimension for each outer transition is a doublet with the separation "Tyy.

8.10 Simplification of the analyses of complex '"H NMR spectra

The DQ-SERF sequence developed for enantiomeric discrimination employed
selective excitation of DQ coherence of coupled methyl protons for better
enantiomeric discrimination and provided well-resolved and simplified spec-
trum in the DQ dimension. The coupling among methyl protons and to the
methyl protons could be extracted from the DQ dimension. However, the
enantiopure spectrum obtainable from the SQ dimension is very complex due
to the presence of too many short- and long-distance couplings experienced by
each proton. This is clearly evident from the cross-sections of (R/S)-propylene
oxide and for the cross-sections of S enantiomers in (R/S)-3-butyn-2-ol shown in
Figure 19. Thus, the determination of all the remote couplings is difficult.
However, the determination of all the coupling parameters is crucial when one
is interested in the determination of the molecular order. Therefore, there are
several problems that remain to be combated, viz., the simplification of spectra in
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each cross-section, obtaining high resolution, and the determination of the
relative signs and magnitudes of all the proton—proton couplings. There are
several investigations in this direction. One of the ideas employed is the spin
state selective detection to simplify the spectra in each cross-section by separating
active and passive couplings into different subspectra containing fewer
transitions. This could be achieved by editing the SQ transitions using the spin
states of the passive spins. When the dipolar coupled methyl protons are
concerned, 3Q-5SQ correlation is feasible. This is of particular interest as this can
be very informative in contrast to isotropic studies where the couplings among
methyl protons are not reflected in spectra. In addition, the spin state selective
detection is also possible for non-equivalent protons. Furthermore, the
determination of coupling of protons to each inequivalent '>C in their natural
abundance can also be explored. The involvement of more number of coupling
parameters is always advantageous for better discrimination.

9. SPIN STATE SELECTIVE COHERENCE TRANSFER: A NOVEL
CONCEPTUAL DEVELOPMENT OF METHODOLOGY

In DQ-SERF sequence, there is a refocusing of the remote passive couplings in the
DQ dimension and the DQ-5Q conversion pulse is non-selective for all the
methyl protons. As a consequence, the spin state selective detection cannot be
achieved in DQSERF experiment. In combating this difficulty, the spin state
selective detection is developed by spin selective correlation of triple quantum
(3Q)-SQ coherence'” of the methyl protons and the retention of the entire
passive homonuclear couplings in 3Q dimension by the application of a non-
SERF pulse. The method also overcomes the problem of field inhomogeneity in
addition to providing very high resolution. With 3Q excitation of the methyl
protons, the 3Q dimension retains the long-distance small couplings (passive
couplings) enhanced by a factor of three, whereas the SQ dimension retains only
the short-distance couplings (active couplings). The differential scaling of dipolar
couplings in the R and S enantiomers enables discrimination and also provides
spectral simplification. As far as the methyl groups are concerned, due to
magnetic equivalence, the resolution in 3Q spectrum is three times that of SQ
spectrum and hence unambiguous chiral visualization is possible. The complex
multiplet pattern gets simplified, by the separation of active and passive
couplings in different dimensions, for each enantiomer. Another novelty of this
method is that all the Dy participate in enantio discrimination unlike only one
Dyyy among methyl protons in DQSERF and SERF experiments.

9.1 Spin state selective coherence transfer and enantiomeric
discrimination

For spin state selective coherence transfer, two points are of vital importance:
(a) couplings to a passive spin(s) should be retained in both the MQ and SQ
dimensions and (b) the MQ-5SQ conversion is carried out with spin selective
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pulse without disturbing the states of the passive spin(s). In such an experiment,
the |o) domain of the MQ coherence is correlated to its corresponding SQ
coherences of |a) domain only and there is no coherence transfer to SQ
coherences of | domain. The identical analogy holds good for |3} domain
MQ coherence also. This is a vital difference compared to conventional non-
selective MQ-5Q correlation experiments.

The important features of this methodology in the context of enantiomeric
discrimination are: (i) A complex multiplet pattern which is difficult to analyze in
the one-dimensional proton spectrum is simplified by separating into individual
subspectra in different cross-sections depending on the passive spin states.
Consequence of this is the separation of active and passive couplings leading to
dramatically enhanced resolution in both SQ and MQ dimensions. (ii) Active
couplings are present in each SQ cross-section corresponding to each passive spin
state in MQ dimension. (iii) The separated subspectra in different cross-sections
are displaced along SQ dimension. The magnitudes of these displacements
provide the passive couplings. (iv) The tilts of the displacement vectors provide
relative signs of the couplings unlike any of the earlier reported experiments
including DQSERF.

9.2 Spin selective 3Q-SQ spectra of A;X, AsMX, and A;MPX spin
systems

The selective Az spin excited 3Q-5Q coherences in Az;X, AzMX, and A;MPX spin
systems are given in Figure 22. The analyses of the spectra of all these molecules
are discussed in greater detail below.

When all the methyl protons are flipped in (R/5)-2-chloropropanoic acid, the
3Q dimension pertains to A part of an AX spin system. The A part of AX spin
system is detected in the 3Q dimension, which is a doublet. This doublet
separation is 3CTyp) = 3(2°Dyp+ Jun) rather than Ty between adjacent SQ
transitions in a SQ spectrum and plays a prominent role in enhanced separa-
tion of enantiomer peaks. The triple quantum states of the Az protons are |oo)
and [BBP). There are two 3Q transitions for each enantiomer which are:
leacaca(ox)) — [BaBaBa(ox)) and |aacaca(Bx)) — [BaBaBa(Bx)), corresponding
to o) and |B) spin states of the passive spin X. Thus, the two cross-sections
correspond to passive proton spin states |o) and |B). Thus, the spin state
selective detection of Az SQ transitions is achieved. For the transition within
each subspectrum, the spin state of X remains undisturbed in both #; and t,
dimensions. Thus, the coupling to methine proton is removed in each cross-
section resulting in half the number of transitions compared to one-dimensional
spectrum and hence high resolution in the SQ dimension. This allows the precise
measurement of 2Ty Therefore, in a single experiment, one can not only
determine both *Tyyy and 2Ty, but also separate them which was not possible
from any earlier reported experiments in the literature. This reduced the spectral
complexity arising out of too many couplings leading to unresolved transitions in
a single dimension and aids in the simplification of enantiomer spectra.
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In addition to enhanced scaling of dipolar couplings, there is also an
advantage due to the scaling of the chemical shift anisotropy for chiral
discrimination. The difference in anisotropic chemical shifts between the R and
S enantiomers in the SQ dimension is 4.6 Hz. Though it is possible to visualize
in the one-dimensional spectrum, it is better visualized in 3Q dimension. Due to
magnetic equivalence of methyl protons, this value is also enhanced three times
in the 3Q dimension which can be viewed after discrimination by comparing
the center of the two separated R and S spectra. The separations a and b provide
2Tiuapza and °Tiyaps, respectively, for the R enantiomer. The separations c and d
provide similar information for the S enantiomer.

In (R/S)-3-butyn-2-ol, the spin system in the 3Q dimension is of the type
AMX, where A is the super spin with three methyl protons, M the methine
proton, and X the acetylenic proton, respectively. The A part of this AMX spin
system is detected in the 3Q dimension. Corresponding to 4 spin states |oo ),
laB >, [Ba), and |[BP) of the passive spins M and X, there are 4 allowed 3Q
transitions for spin A arising from each enantiomer, unlike 12 transitions in a SQ
spectrum. Thus, there is enhanced resolution in the 3Q dimension. The cross-
sections taken along the SQ dimension for each spin state of an enantiomer
provide only the active coupling between the methyl protons, which is a triplet.
There are four such triplets pertaining to four Aj; subspectra in different cross-
sections. Thus, high resolution is achieved in SQ dimension also. Four such cross-
sections with identical active coupling unambiguously differentiate the peaks
arising from each enantiomer. From the 3Q dimension, the passive coupling
information, >Tyyy and °Tyyyy, could be determined directly.

It is clear from the interpretation of the one-dimensional spectra of (R/S)-
propylene carbonate and (R/S)-propylene oxide discussed earlier that the methyl
region consists of 24 transitions for each enantiomer. The 24 transitions observed
for methyl groups can be construed as 8 Aj subspectra corresponding to 8 spin
states of M, N, and X together. The complexity is obvious from their one-
dimensional spectra, where one can see that the methyl protons are resonating
in a narrow spectral width of 90Hz in (R/S)-propylene carbonate and 40 Hz
in (R/S)-propylene oxide. The broad and featureless spectrum due to too many

«
Figure 22 The 500 MHz 'H 2D 3Q-SQ correlation spectrum of selectively excited methyl
protons in: (a) (R/S)-2-chloropropanoic acid, |or ), |[Br)> and |as ), |Bs) are the two spin states
of the passive spin for the enantiomers R and S, respectively. The expansion of the two
contours of the 2D matrix shown clearly identifies the two peaks of the enantiomers. The
separations depicted in alphabets provide coupling information. For R enantiomer: a = T4
and b = 3T, us. For S enantiomer: ¢ = 2Tyapq and d = *Tyaps. (b) (R/5)-3-butyn-2-ol. The Ry,
Riug>, Rigsy, and Riggy and Sy, Sipoys Sjupy, and Siggsy are the spin states of the passive
protons for the enantiomers R and S, respectively. For R enantiomer: a = *Ty7n7, b = *Teny,
and ¢ = *Tyspy. For S enantiomer: d = “Tyzny, € = *Theny, and f = *Tysuy. The quality of
discrimination achieved in the 3Q dimension is clearly evident. (c) 2D 3Q-SQ correlation
spectrum of selectively excited methyl protons (R/S)-propylene oxide. Note that apart from
(Tun)?73, it is impossible to extract any other couplings from this spectrum.
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long-distance couplings makes it impossible to recognize any fine structure.
Achieving both high resolution in 3Q dimension and spin state selective
detection, in spite of very small couplings from the two methylene protons which
are unresolved, is a big challenge. It is evident from Figure 22c that the poor
resolution hinders the determination of interaction parameters. This broad signal
in the 3Q dimension is a result of the contributions from the field inhomogeneity
at the higher quantum coherence.

9.3 Removal of B, field inhomogeneity at higher quantum

When the spatially dependent field inhomogeneity, AB(r), is taken into account,
the precessional frequency of the higher quantum (wpg) is given as

wHg = Y _ Amy(wr + 71 ABo(r) (45)

Thus, the inhomogeneity contribution increases linearly with the detection of
the higher quantum order. Therefore, the 3Q order has three times the enhanced
signal broadening. One method to remove this field inhomogeneity contribution
is to apply a non-selective 180° pulse in the middle of the t; dimension which
refocuses the chemical shifts and retains all the passive couplings for the spin
state selection.” The experiments on (R/S)-propylene carbonate and (R/S)-
propylene oxide have therefore been performed using the pulse sequence given
in Figure 23b and the corresponding spectra are given in Figure 24. The dramatic
improvement in the resolution in 3Q dimension is clearly evident.

9.4 Totality of the coupling information from the overlapped and
unresolved spectra of enantiomers

As far as the analyses of the 3Q-SQ spectrum, reported in Figure 24, are
concerned, the spin systems are of the type AMPX in the 3Q dimension, where A
is the super spin with three methyl protons and passive spins are protons M, P,
and X. The Ty in A; are the active couplings while one 3T and two *Tyygy con-
stitute the passive couplings. The 3Q dimension must result in eight transitions
for each enantiomer pertaining to eight spin states of M, P, and X together.

9.4.1 Complete analyses of 'H spectrum of (R/S)-propylene carbonate

In (R/S)-propylene carbonate, for the S enantiomer, the two types of *Tyyy are
equal and hence results in a triplet of a doublet (due to *Tyy5y) in the 3Q dimension.
However, for the R enantiomer, the two types of 4Ty are unequal. Hence, 3Q
dimension provide eight distinct transitions marked R in the figure. The cross-
section taken along the SQ dimension for each passive spin state in 3Q dimension
is a triplet due to active coupling *Tyyy. The eight A subspectra (triplets) for eight
passive spin states are observed for the S enantiomer. However, for R enantiomer,
six triplets with smaller dipolar couplings are observed. The separations marked in
the figure directly provide the spectral parameters, viz., a = “Tiya, b = 3Tans,
and ¢ = d = *Tiupe = *Thany for the S enantiomer and e = *Tapa, £ = >Thans,
g = *Tiare and h = *Tyyayr for the R enantiomer.
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Figure 23 (a) The pulse sequence used for the selective excitation of 3Q coherence of methyl
group in molecules (R/S)-2-chloropropanoic acid and (R/S)-3-butyn-2-ol. ®; = X, @, =
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gradients. (b) The pulse sequence used for the selective excitation of 3Q coherence of methyl
group for the molecules (R/S)-propylene carbonate and (R/S)-propylene oxide. Triple quantum
EXORCYCLE phase cycling is used for the non-selective 180° pulse in the middle of 3Q
dimension. This pulse sequence serves as a spin state selective 3Q resolved experiment.
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Therefore, it should be borne in mind that the coupling information among
protons numbered, 5, 6, and 7 is not reflected in either the 3Q or the SQ
dimension. For the determination of the complete spectral information, another
3Q-5SQ correlation experiment with 5, 6, and 7 protons as active spins is required
to be carried out. This spectrum is given in Figure 25. In the 3Q dimension, the
spin system is of the type AX; where super spin A pertains to M, N, and X spins
and the methyl protons are the passive spins. The A part of this AX; detected in
the 3Q dimension is, therefore, a quartet for each enantiomer, indicated by tilted
broken lines for four R and S transitions each. The separations i, j, and k for S
enantiomer and 1, m, and n for R enantiomer providing all the coupling
parameters are also marked in the figure. The passive couplings can also be
determined from this experiment using the displacements of the subspectra.
However, this information is redundant as it can be obtained from the 3Q-SQ
spectrum of methyl protons.

9.4.2 Complete analyses of 'H spectrum of (R/S)-propylene oxide

As far as the methyl proton excited 3Q-SQ spectrum of (R/S)-propylene oxide is
concerned, the 3Q dimension provides eight well-resolved transitions for R
enantiomer. However, for the S enantiomer, only four transitions are observed
due to negligible strength of one of the remote couplings, which is clearly evident
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Figure 24 (a) 2D 3Q-SQ correlation spectrum of selectively excited methyl protons in
(R/S)-propylene carbonate. The separations depicted in alphabets provide coupling
information. They are for S enantiomer: a = Trana b = Thans € = *Thane, and d = *Thap.
For R enantiomer: € = *Tyapa, £ = >Thaps, g = *Thane and h = *Tiay. Two types of *Tuy
(between 4 and 6, and between 4 and 7) are equal for the S enantiomer. (b) 2D 3Q-SQ
correlation spectrum of selectively excited methyl protons in (R/S)-propylene oxide. For S
enantiomer: a = “Ty7p7, b = *Tuaps, and ¢ = *Tyne. The separation “Ty4yy is not detectable
due to its small strength. For R enantiomer: d = oz, € = Taans, f = *“Trane and g= *Tranr
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Figure 25 (a) 2D 3Q-SQ correlation spectrum of (R/S)-propylene carbonate with selective
excitation of protons numbered 5, 6, and 7. The separations providing coupling information
are marked. For S enantiomer: i = *Tysue, j = ~Tusuz, and k = *Tyeny. For R enantiomer:
| = *Thsne, M = *Thspz, and N = Tz (b) 2D 3Q-SQ correlation spectrum of (R/S)-propylene
oxide with selective excitation of protons numbered 5, 6, and 7. For S enantiomer: b = *Tyans,
¢ = *Thany < = *Thane (not detectable), i = *Tyspe, k = *Tusy, and j = *Tepy. For R
enantiomer: e = *Traus, T = *Thane g= Trarz | = Tasne M = >Thenz, and n = >Tsuy.
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from the spectrum. This is due to the fact that the residual dipolar coupling
Duane (¢* in Figure 25 which is 0.4 Hz, as will be discussed later) is opposite
in sign to that of through bond coupling [iane and hence Tie = 0. The
separations marked in the figure provide the spectral parameters.

The 3Q-5Q correlation experiment with 5, 6, and 7 protons as active spins is
given in Figure 25. The H6 and H7 regions of the spectrum are relatively better
resolved than H5 region. The quartet for S enantiomer is marked while only two
lines of the R enantiomer quartet are marked in the figure. Each cross-section
at H5, H6, and H7 is a doublet of doublet because of two active couplings.
Displacements marked e, f, and g for R enantiomer and b, ¢, and c* for S
enantiomer contain individual passive couplings of H5, H6, and H7 to methyl
protons.

9.5 Spin selective higher quantum and the relative signs of the
couplings

From the direction of tilt of the displacement vector, it is possible to determine the
relative signs between active and passive couplings. If the spin systems are
strongly coupled, the question of determination of relative signs does not arise.
Thus, the technique is applicable when the spectra are first order, that is, spins
that are weakly scalar coupled, weakly dipolar coupled systems in strongly
orienting media, and weakly dipolar coupled in chiral or bicellar media. There
are situations when the relative signs of the couplings determined from the
direction of the tilt of the displacement vector could be ambiguous.'”* However,
it is important to remember that the selectively methyl proton excited correlation
experiments do not provide the relative signs of the couplings. On the other
hand, 3Q-5Q spectrum of H5, H6, and H7 as active spins provides the relative
signs.

For (R/S)-propylene carbonate in the 3Q dimension, the quartet of each
enantiomer is indicated by the tilted broken lines for four R and S transitions
each. The left tilt of the quartet in each chemical shift position shown by
broken line implies that all the passive couplings are of the same sign. On the
other hand, in (R/S)-propylene oxide, the tilt direction at e is opposite to f and g
(Figure 25) indicating coupling e is opposite in sign to f and g. Similarly b is
opposite in sign to c.

9.6 Advantages of higher quantum—single quantum correlation method

The new pulse sequences discussed in the previous section have numerous
advantages in the context of chiral discrimination and the analyses of broad and
unresolved 'H spectra. They can be listed as:

1. The dramatically enhanced resolution has been obtained in the otherwise
broad and featureless spectra and the peaks that were separated by as low
as separation 0.65 Hz could be measured.
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2. In spin selective 3Q-SQ correlation experiments, the values of "Tyy
(n = 2-5) being different for both the enantiomers, there was an unambig-
uous chiral discrimination in both the dimensions.

3. The active and passive couplings are separated from each other in a single
experiment and both are utilized for discrimination. Active couplings are
present in each cross-section while passive couplings are responsible for the
displacement of the subspectra.

4. Using two selectively detected 3Q-5SQ experiments, the complete analyses
of the overlapped spectra of both the enantiomers in (R/S)-propylene
carbonate and (R/S)-propylene oxide could be carried out.

5. In the methyl group excited experiments, the resolution in the 3Q dimension
is 3("Ty) and one in the SQ dimension results in a net total chiral
dispersion of 3.3 times in the tilted direction as far as the measurement
of the resonance frequencies between the chiral molecules is concerned. The
difference between consecutive R and S peaks {TR (= "Tup)—T° (= "Tuw))
becomes 3 x (TR (="Tyy)—T° (="Tyy)) in 3Q dimension which con-
tributed to better chiral discrimination. In the earlier SERF experiments, the
consecutive R and S peak separation was only (TR (="Ty)—T° (= "Tuw).

6. The difference in Aog; between the two enantiomers is also enhanced three
times in 3Q dimension as is seen from the difference in the mean frequencies
of the doublets of the two enantiomers in (R/S)-2-chloropropanoic acid.

7. The comparison of the tilt directions of the multiplets in different cross-
sections for different chemical shift positions provides the relative signs of
the couplings.

8. In favorable cases, the parameters derived from the 2D spectra can be
used for the iterative analysis to derive all other spectral parameters. This
simplifies the analyses to a large extent.

10. BINUCLEAR SPIN STATE SELECTION FOR CHIRAL
DISCRIMINATION

With more number of passive couplings participating in the MQ dimension, there
will be improved discrimination of the R and S enantiomers. In other words,
discrimination should be benefited from the difference of as many parameters as
possible. In such situations, one can derive the benefit from the comparatively
larger heteronuclear coupling. However, as discussed earlier, with every addition
of an interacting spin, the number of possible single quantum transitions
increases by a factor of four. The inclusion of '°C in its natural abundance as
a participating spin poses several challenges, such as sensitivity enhancement,
identification of "°C satellite transitions for each enantiomer from the broad and
featureless 'H spectrum, and simplification of the spectra for determination of
both homo- and heteronuclear couplings.

All these challenges have been combated by developing yet another
methodology that exploits the natural abundant passive '>C spin, for spin state
selection in addition to protons.'” The '°C spin state selected proton spectra
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provide well-resolved group of transitions in the SQ dimension at each spin state
of *C in the 3Q dimension. Each group of these '*C-spin state selected transitions
is further spin state selected based on the spin states of the passive protons
resulting in enhanced resolution.

10.1 Theoretical description of the pulse sequence

The pulse sequence developed for the inclusion of '>C spin in its natural
abundance for higher quantum correlation is depicted in Figure 26. The evolution
of magnetization at different time points of the pulse sequence is easily
understood by the product operator formalism.'®> The pulses with rectangular
shapes are non-selective while the remaining pulses are spin selective. The pulse
sequence starts with polarization transfer via INEPT block. At the end of delay ¥,
the antiphase 'H magnetization is converted into longitudinal two spin-orders by
the 90° 'H pulse applied along the y-axis at time point A. At this stage,
application of a homospoil gradient pulse eliminates undesired coherences and
following this the two spin-orders are back converted into the antiphase proton
magnetization of the methyl group by the selective 90° pulse on methyl protons
at time point C via the antiphase coherence of '°C spins. From the point C to D,
the magnetization is allowed to evolve under Dyyy among methyl protons by a
SERF pulse which also decouples this group from the passive protons and the >C
spin. At the time point D, there is doubly antiphase magnetization with respect to
protons, that is, I1yl>7z1375,7. The application of a selective 90° pulse of phase y on
methyl resonance converts this into I;yIoxI3xS2z, homonuclear MQ, terms at time
point E. The 3Q coherence is selected by a suitable gradient ratio and allowed
to evolve under the sum of different homonuclear and heteronuclear passive
couplings, by the non selective refocussing pulse on >C and 'H in the middle of
the 3Q evolution period. This also overcomes the problem of field inhomogeneity

0,0, D, D O O, cn D, O D,
90 180 90 g0 180 90 1 Ly 480 90 180
Gl N = =1 P Ry,
3Q 3Q !
B haap, : Fl
'1 1
Be 180 590’905: (3 180 ! E
1
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! | 4 T
! 1
| : A A
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Figure 26 The pulse sequence for spin selective 3Q—SQ correlation of methyl protons edited
by "C spin in addition to passive proton spins in (R/S)-3-butyn-2-ol and (R/S)-propylene
carbonate. The behavior of the magnetization during different stages of pulse sequences, viz.,
A, B, C, D, and E is discussed in the text. Rectangular pulses are hard pulses. All the remaining
pulses are spin selective. The phases of the pulses are: ®; = x, @, = xxxx—x—x—x—x, O3 = (12)
x, Oy =y, O5 = x—xx—xx—xx—x, Og =y, ®; = xxyy—x—x—y—y, Og = (12) —y,

Dy = XXXXXXXX—X—X—X—X—X—X—X—X, D = X—X—XXX—X—XX—XXX—X—XXX—X.
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encountered in the 3Q coherence, thereby providing higher resolution. The last
selective 90° y pulse on methyl protons results in the observable SQ
magnetization in the direct dimension at time point F. The INEPT transfer edits
the "H magnetization by '°C spin states and also improves the overall sensitivity.

The 3Q exorcycle phase cycling is employed for non-selective 180° pulse in
the middle of t; dimension. Double isotope filtration phase cycling is applied for
the phases ®y and ®s. During the excitation of 3Q coherence and its evolution
and conversion to SQ coherence, the spin states of the remaining protons (passive
spins) in the molecule and ">C spin of the methyl group are undisturbed in both
the dimensions. This enables the detection of SQ transitions of the methyl protons
(A; spin system) based on the spin states of the passive 'H and '*C spins and
exploits all the advantages of the sequence discussed earlier.

10.2 The interpretation of BC edited 3Q-5Q spectrum of
(R/S)-3-butyn-2-ol

Considering the 1% molecule where the protons of the methyl group are attached
to '°C, the spin system can be considered to be of the type A;MPX where A refers
to methyl protons, M and P correspond to methine and acetylenic protons, and X
is the '°C spin. As discussed previously, when the magnetization is not routed
through '°C spin, there are 12 transitions for the methyl protons for each
enantiomer. When '°C is a participating spin, there are 24 transitions for each
enantiomer, which can be visualized as 8 subspectra according to 8 possible spin
states of M, P, and X spins. The designed pulse scheme separates all the eight
subspectra from each other, and detects them independently in well-separated
arrays of SQ dimension. The anisotropic proton chemical shift difference between
the two enantiomers is negligibly small and hence the two sets of peaks arising
from both R and S enantiomers are overlapped for the '>C bound one-
dimensional 'H spectra as well as the ">C bound satellite proton spectra.

The "°C edited methyl proton excited 3Q-SQ spectrum is shown in Figure 27.
The selective excitation of 3Q coherence of the methyl protons results in the
simultaneous flipping of all the protons. However, the non selective refocussing
pulse on '°C and "H leads to refocusing of chemical shift evolution and retention
of passive heteronuclear and homonuclear couplings. Thus, the spin system in
the 3Q dimension will be of the type AMPX, where A is the super spin with three
methyl protons. The 3Q dimension will be an A part of this AMPX type spin
system. The spectrum in the SQ dimension is the '°C satellite proton spectrum
with suppression of peaks from '*C attached protons. The connectivity of 3Q-SQ
direct peaks forms a distinct pattern for each enantiomer in the 2D spectrum
which unambiguously discriminates the enantiomers.

In the 3Q dimension, the largest coupling to spin A arises due to Jcp+2Dcp,
where Jcpy and Dcyy are the scalar and the dipolar couplings between proton and
13C of the methyl group. In the spin product basis set, the 3Q states of proton are
loattaoa > and [BaBaPa . This is coupled to spin states o) and [B) of 3¢ spin.
Hence, the resonance of spin A is split into a doublet. Two such doublets are
expected, one for each enantiomer. The value of D¢y being different for both the
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Figure 27 The "C edited methyl protons excited 2D 3Q-SQ correlated spectrum of
(R/S)-3-butyn-2-ol. The spectrum is displayed in magnitude mode. F; dimension pertains to 3Q
spectrum. o("C) and B("C) regions in the F;, dimension pertain to two spin states of C.

The assignments to R and S transitions are marked. The separations marked with alphabets a
to h providing coupling parameters. d = (3 X D7), € = (Taens)’ f = CTaswr)’ h = (Taw)®
a=(3x zDH7H7)R, b= (3TH6H7)R, c= (STH5H7)R, and g = (]TC1H7)R. The *" marks represent
transitions of very low intensities.

enantiomers and scaling of the (Jcp+2Dcyy) by a factor of three due to magnetic
equivalence resulted in enhanced spectral resolution and unambiguous
enantiomer visualization. This also can be construed as the separation of *C
satellites in the one-dimensional spectrum. The two 3Q transitions edited by the
13C spin states are further split by the remaining two methine and acetylenic
protons into four transitions according to their four spin states |opop ), [onBr ),
[Bmor >, and [ByPp ). Thus, a total of eight 3Q transitions are observed for each
enantiomer. Four of them correspond to o) state of '*C while another four
correspond to |B) state.

The 3Q transitions corresponding to o) and |B) domains of 13C are marked
as a(**C) and B(**C) as shown in Figure 27. Chiral discrimination is obvious from
the highly resolved 3Q spectrum in the F; dimension. The subspectral analysis at
any one of the '>C spin states provides the coupling of methyl protons to all the
passive protons. The different displacement vectors g and h, b and e, and c and f
between subspectra drawn in Figure 27 provide passive coupling parameters
Jeu+2Den, 2Tran, and °Tiyy for the enantiomers.

The cross-sections taken along the SQ dimension at different passive proton
spin states of 3Q dimension for the B('°C) region are plotted in Figure 28. Each of
these cross-sections pertains to selectively detected SQ transitions originating
from the 3Q transition whose initial and final states have the same passive spin
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Figure 28 (a—h) The cross-sections taken along F, dimension for each subspectrum edited by
passive spin states in Figure 27, plotted with identical horizontal scale for comparison. Only
the cross-sections pertaining to B("C) regions are given. R and S assignments and the passive
proton spin states in the 3Q dimension are also shown.

state. An example of such a SQ transition is from the state |oa%a0ABMBPRx) to
IBactacaBmPBrPBx > Which arises from a 3Q transition such as |oa0aoaPuBrPx ) to
IBaBABABMBrBx > where the initial and final passive spin state is |ByBpBx > . Thus,
all the proton SQ transitions pertaining to eight A; subspectra get separated into
different cross-sections depending on the spin states of the passive spins. Also
each cross-section is a triplet, from which Dy among methyl protons can be
determined. The ‘a’ and ‘d’ marked in Figure 27 provide *Tyyy; for the R and S
enantiomers, respectively.

A comparison of the 3Q-5Q correlation for 12C attached protons and 3¢
attached protons is shown in Figure 29. The isolated B(*>C) region is plotted
separately in the expanded scale for comparison. The 3Q-SQ correlation of '*C
attached protons leads to spin state selection by only passive proton spins
and discriminates 20 out of the 24 transitions. However, the transitions marked
with “*” are the overlap of two transitions from the two enantiomers. The 3Q-5Q
correlation of '®C attached protons discriminates all the 24 transitions, a
consequence of additional spin state selection by the >C spin.

103 The interpretation of “C edited 3Q-SQ spectrum of
(R/S)-propylene carbonate

The protons and carbon of the methyl group of this molecule form a weakly
coupled spin system of the type A;MNPX, where Aj; corresponds to active
methyl protons, M and N are the two methylene protons, P is the methine proton,
and X is the ">C spin. The methyl protons experience four different types of
couplings, viz.: (a) the couplings among themselves (*Tyyy), (b) the coupling
between methyl and methine (P) protons (*Twyy), (c) the two different couplings
from the two diastereomeric methylene (M and N) protons (*Tgyyy), and (d) the



400 Bikash Baishya et al.

* 4 ‘R
-n * . 'R
100 e e .S
L] L) Y B(ISC)
. L ] .R
200+ . ' 'g .S R
¢ 4 o5

1 L] T
400 300 200 Hz
-—_ ¢ 400 300 200 Hz —F,

FZ

(a) (b)
Figure 29 (a) °C attached methyl protons excited 2D 3Q-SQ correlated spectrum of
(R/S)-3-butyn-2-ol obtained using pulse sequence given in Figure 23a. Assignments of spin
state selected subspectrum to R and S enantiomers are shown. The *” marks indicate overlap
of two transitions from the R and S forms. (b) C edited methyl protons excited 2D 3Q-SQ
correlated spectrum of (R/S)-3-butyn-2-ol along with the corresponding projections using
pulse sequence given in Figure 26. Only B("°C) region is plotted in expanded scale for
comparison. Assignments of spin state selected subspectrum to R and S enantiomers are
shown. Note the advantage of binuclear spin state selection in the discrimination of even
the peaks marked with *’ of a.

coupling from the '*C spin (X). The first-order analysis indicates that there are 48
transitions for each enantiomer, which can be visualized as 16 Aj; subspectra
corresponding to 16 passive spin states of M, N, P, and X together. Thus, there are
total of 96 overlapped transitions from both the enantiomers. The separation and
identification of these transitions is a challenging task.

The selective methyl protons excited, '*C edited 2D 3Q-SQ correlation spectrum
of (R/S)-propylene carbonate is given in Figure 30. In the 3Q dimension, the spin
system is of the type AMNPX. The super spin A is the three methyl protons (the
active spin), the methine and methylene protons (M, N, and P) and one 3¢ spin (X)
constitute the passive spins. 2Ty in A is the active coupling while one 3Ty and
two ‘Tun along with heteronuclear Ty constitute the passive couplings. The 3Q
dimension provides 16 transitions for each enantiomer pertaining to 16 spin states
of M, N, P, and X. The displacements between the SQ transitions corresponding to
lo> and B> domains of 'C marked ‘a’ and ‘f’ are the passive heteronuclear
coupling Tcy for the R and S enantiomers, respectively.

The analysis of the spectra at any one of the spin states of °C is sufficient to
derive all the homonuclear couplings with methyl protons. For the S enantiomer,
the two types of *Tyyy are equal and hence result in a triplet of a doublet (due to
3Tty in the 3Q dimension and are marked S. However, for the R enantiomer, the
two types of *Tyy are unequal. Hence, 3Q dimension provides eight distinct
transitions marked R in the figure.

For clarity, the expanded a(**C) region is also given Figure 30. The alphabets
marked ‘b’ and ‘g’ denote the active coupling, *Tyy; responsible for the triplet
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Figure 30 (a) Methyl protons excited 2D 3Q-SQ correlated spectrum of (R/S)-propylene
carbonate. The optimized t delay is 25 ms. The selective pulses are seduce-shaped pulses. The
spectrum is displayed in magnitude mode. F; dimension pertains to 3Q spectrum. o("*C) and
B(*C) regions are marked in the F; dimension. The assignments of peaks to R and S form are
marked and also shown with tilted arrows. The displacements of o("C) and B("C) regions in
the F, dimension providing heteronuclear passive couplings are marked as a and f for S and R
enantiomers, respectively. (b) The expanded o("C) region of A. The separations marked with
alphabets b—e and g-j provide proton—proton coupling information. Couplings are obtainable
from the separations: b = (3 x 2DH4H4)Sv c= (3TH4H5)S7 d= (4TH4H6)sv €= (4TH4H7)sv a= (]TC1H4)Sy
g=0Bx 2DH4H4)R’ h= (3TH4H5)R1 i= (4TH4H6)Rr j= (4TH4H7)R’ and f = (1TC1H4)R' Clis the carbon
attached to methyl protons peaks with very low intensities are marked with *.
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(subspectrum) in each SQ cross-section, for the S and R enantiomers, respectively.
Thus, each cross-section taken along the SQ dimension for each passive spin state
in 3Q dimension is a triplet. The eight A; subspectra (triplets) for eight passive
spin states are observed for S enantiomer. However, for R enantiomer, six triplets
with smaller dipolar couplings are observed. The passive homonuclear couplings
are determined from the displacements marked ¢, d, e and h, i, j for the S and R
enantiomers, respectively. It may be pointed out that the coupling information
among protons numbered, 5, 6, and 7 is not reflected in either the 3Q or the SQ
dimension. In addition to all the advantages of the method described in section 9,
Dcy can also be derived.

1. SINGLE QUANTUM SPIN SELECTIVE CORRELATION:
A METHOD FOR CHIRAL DISCRIMINATION AND
ACHIEVING INCREDIBLE RESOLUTION

The conventional two-dimensional COSY experiment is carried out by the
application of selective pulses. In spin selective excitation experiments on
homonuclear spins (Soft-COSY), the passive spins mimic the heteronuclei.
Consequently in the 2D selectively excited correlation experiment, there are
several advantages: (a) separation of active and passive couplings in two
dimensions, (b) reduced multiplicity compared to normal COSY spectrum, (c) a
reduction in the experimental time by several orders of magnitude, and (d) higher
resolution because of reduced spectral width chosen.'” It implies that the
experiment reveals several aspects of the spectrum which are otherwise not
possible to derive from the normal broad and featureless one-dimensional
spectrum. Furthermore, there is an enhanced resolution in each cross-section
taken parallel to the F, dimension due to the fact that the states of the passive spins
are not disturbed in both the F; and F, dimensions and the COSY peaks are labeled
according to their spin states. As an example, in a simple three spin system of the
type AMX, where X is the passive spin, the normal COSY spectrum gives 16 peaks.
In contrast, the selectively excited COSY, with a phase sensitive detection, shows
two antiphase peaks with splitting due to active coupling displaced by a vector
representing the passive splitting in both the dimensions. The F, dimension reveals
the coupling between the active spins and the displacement of arrays in the F;
dimension reveals the passive couplings. This is also a significant advantage as the
spectrum is drastically simplified in each cross-section aiding the analysis. Another
interesting feature of this experiment is that the cross-peak multiplicity pattern is
similar to that of an E-COSY spectrum'®”"'*® and hence it is possible to determine
the relative signs of the couplings whether the spins are scalar or dipolar coupled
so long as the first-order analyses of the spectra are possible. This is an excellent
technique for the molecules aligned in PBLG, both for unscrambling the
overlapped spectra of enantiomers and also in simplifying the spectral complex-
ity."” The examples of such application are discussed below initially for the
simplification of the "H NMR spectrum of an AzMX spin system and then for a
bigger spin system of the type A;MPX.
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1.1 Analysis of the spectrum of (R/S)-3-butyn-2-ol

The selective methyl group excited Soft-COSY spectrum of (R/S)-3-butyn-2-ol
(racemic mixture) is reported in Figure 31. The active coupling is the dipolar
coupling among methyl protons and the passive couplings are between methyl
and the remaining two protons 5 and 6 (Figure 16b). The F, dimension results in
12 transitions for each enantiomer, construed as 4 Aj; subspectra, which are
displaced in F; dimension due to passive couplings. Each cross-section pertains
to an Aj; subspectra, which is a triplet and the separations of the adjacent
transitions of which provides CTa)R/S. The separations marked with
alphabets a, b, and ¢ provide "Tyy (n =2, 3, and 5) for R enantiomer and the
separations d, e, and f provide similar information for S enantiomer. The first four
cross-sections taken along the F, dimension for each transition of an enantiomer
in the F; dimension (Figure 31b) depict the complete separation of four Aj
subspectra of both the enantiomers. As far as the determination of "Tyy (n = 2, 3,
and 5) is concerned, the first three cross-sections are sufficient. The significant
advantage of the spin selected correlation experiment is in spectral simplification,
by separating the active and passive couplings in two dimensions. This is clearly
evident from Figure 31.

The analysis is incomplete unless the coupling between the passive protons
numbered 5 and 6 is determined, which is not reflected in either the F; or the F,
dimension. Another experiment with the selective excitation of methine and
acetylenic protons does provide this information along F, dimension and the
passive couplings to these protons in the F; dimension. The difficulty in such
simultaneous excitation is their frequency separation, which is more than 1kHz.
The problem has, however, been combated by utilizing bi-selective pulses. The
bi-selective methine and acetelynic protons excited 2D spectrum is given in
Figure 32. The coupling information can be derived by the analyses of the cross-
peak multiplet pattern. The set of doublets due to coupling of active spins along
F, dimension is displaced in the F; dimension due to passive couplings of
protons 5 and 6 with methyl protons. From the expanded plot of the cross-peaks
for the methine proton (6), it is evident that the passive coupling to proton 6,
3Ther7, results in a quartet. Each component of the quartet is further split into a
doublet by another passive coupling to proton 6, that is, “Tuste. Thus, Fy
dimension gives two sets of identical quartets for each enantiomer displaced
according to their coupling strengths. The separations marked with alphabets a,
b, and ¢ provide Tistie “Tirie and *Tyysi for R enantiomer and the separations
marked d, e, and f provide similar information for S enantiomer. Thus, the
totality of the coupling information could be obtained by the first-order analyses
of the spectra without resorting to iterative analysis.

11.2 Analyses of the spectra of (R/S)-propylene carbonate and
(R/S)-propylene oxide

The 2D correlated spectrum of (R/S)-propylene carbonate (scalemic mixture)
with selective excitation of methyl protons is given in Figure 33. The two
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Figure 31 (a) The 500 MHz two-dimensional correlation spectra of selectively excited methyl
resonance in racemic mixture of (R/S)-3-butyn-2-ol. The separations marked with alphabets a,
b, and ¢ provide 2Tgr “Tusnz, and *Tusyy for R enantiomer and the separations d, e and f
provide *Tyzuz, *Therz, and *Tysyy for S enantiomer. Peak marked ¥ indicate the overlapped
transitions from R and S. Notice the unambiguous enantiomer separation and the spectral
simplification. (b) The first four cross-sections of Figure 31a for each enantiomer taken along F,
dimension. The separations marked with alphabets a, b, and ¢ provide Tz, “Tasrz, and
*Tusyy for R enantiomer and the separations d, e, and f provide Tz, *Theny, and *Tysyy for S
enantiomer. Notice that first three cross-sections for each enantiomer is suffice for the
determination of all the coupling information. Reproduced with permission from American
Chemical Society.
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Figure 32 (a) The 500 MHz two-dimensional correlation spectra of simultaneous bi-selective
excitation of methine (6) and acetylenic (5) resonances in racemic mixture of (R/S)-3-butyn-2-
ol, along with F; and F, projections. (b) The expanded plot of cross-peaks pertaining to proton
6, marked with broken rectangle. The separations a, b, and c provide, respectively, *Tsus,
3Tuen7, and *Tyany for R enantiomer and those marked with d, e, and f provide, respectively,
*“Tuste Trenz, and *Tuany for S enantiomer. Notice the resolution achieved and the
unambiguous discrimination of the enantiomers. Reproduced with permission from American
Chemical Society.
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Figure 33 500 MHz two-dimensional Soft-COSY spectra of a scalemic mixture of
(R/S)-propylene carbonate. The separations marked with alphabets a, b, and c provide
coupling information 2Tisu4, >Trans, and *Tuape or *Thany for R enantiomer and the
separations d, e, and f and provide information “Tyu4, “Trans, and *Thane or *Tyany for S
enantiomer. Reproduced with permission from American Chemical Society.

non-equivalent methylene protons and the methine proton form the passive
spins. The 2D spectrum then pertains to the Aj; part of A;MPX spin system
containing 24 transitions, which can be construed as 8 Aj; subspectra
corresponding to 8 spin states of M, P, and X together, displayed in both direct
and indirect dimensions, for each enantiomer. In F, dimension, the active
coupling is among the methyl protons and results in a triplet. Both F; and F,
dimensions must display two sets of Az subspectra, one for each enantiomer
with distinctly different coupling strengths enabling their discrimination.
Experimentally four Aj subspectra for R enantiomer and three Aj; subspectra
for S enantiomer have been observed. This is due to the fact that long-distance
couplings to methyl protons, viz., *Tiane and *Tipy, are nearly equal for S
enantiomer and one of the long-distance couplings is negligibly small in R
enantiomer. The cross-section taken parallel to F, dimension, at any one of the
transitions of the subspectrum in F; dimension, gives the coupling among the
methyl protons. Furthermore, the displacement of cross-sections along F;
dimension permits the measure of ("Te)®’® (where n =3 and 4). Although
the spectrum distinguishes the enantiomers and permits the determination of
couplings, it does not identify the individual couplings, Thame and *Trygp. Only
four of the seven possible independent couplings could be obtained from this
spectrum. However, the analysis is incomplete unless the couplings among the
protons numbered 5, 6, and 7 (M, P, and X spins), which are not reflected in either
dimension, and the individual values of *Typ16 and *Tiapy7 are determined. This
problem was circumvented by the 2D correlated spectrum with selectively
excited protons 5 and 7 given in Figure 34. The spectrum provides one active
coupling, 3Tys17, and four passive couplings, Therrz, “Trste “Trans, and *Trapy.
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Figure 34 (a) The 500 MHz two-dimensional correlation spectra with bi-selective excitation
of protons 5(methine) and 7(methylene) resonances in racemic mixture of (R/S)-propylene
carbonate. (b) Expanded plot of A pertaining to cross-peaks of proton 7 marked with broken
rectangle. The separations marked with solid arrows and represented by alphabets a, b, ¢, d,
and e provide coupling information (*Tusus)’s CTuenr)’s (*Taanr)s CTiasue)’s and (Tuans)®,
whereas the separations marked with broken arrows and represented by alphabets f, g, h, i,
and j provide (*Tusi)®, (Tuenr)® (‘Tran)®, CTasne)®, and (*Thans)®. Note the resolution
achieved and the quartet due to long-range coupling (*Tuany)® and (*Tiany)®, displaced
according to passive coupling in the F; dimension. One such quartet for each R and S
enantiomers is shown by a cross line joining them. Reproduced with permission from
American Chemical Society.
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The active coupling between methine protons is obtainable along the F, dimen-
sion at the chemical sites of both protons 6 and 7, which is a doublet of identical
separation.

A region of the spectrum pertaining to the cross-peaks of proton 7 is also
shown in Figure 34b. The active coupling of this proton with the geminal proton
6 splits its resonance into a doublet of larger separation (*Tyerr7), which is
further split into a doublet from methine proton (Tysy). Each component of the
doublet of doublet is split into quartet from methyl protons (*Tranry). Thus, F,
dimension provides four sets of quartets, which are displaced according to two
passive couplings *Thany and *Tyeny. The F displacement provides two other
passive couplings 3Thsme and *Traps. The resolution of the quartet due to long-
distance coupling Thapy is exceptionally good. One such quartet for each
enantiomer is shown by joining the peaks with a tilted line. This dramatically
enhanced resolution permits the measure of the coupling strength of the order of
0.6 Hz for R enantiomer. The separations marked with solid lines and represented
by alphabets a, b, ¢, d, and e, respectively, provide CTas)?, CTren)S, CTra),
CTasne)®, and CTias)®. Similarly separations marked with broken lines and
represented by alphabets g, h, i, j, and k, respectively, provide CTpsy)°,
CTuer?)’, (Trary)’, CTishe)®, and CTaps)’. Fi displacement also provides
CTrs)® and CTysiy)’. From the cross-peak region of the spectrum correspond-
ing to ;l;roton 5, similar information is obtainable. However, the values of
(*Thape)®’® have not been determined precisely by this experiment. Another
experiment with the selective excitation of protons 6 and 7 provided the above-
mentioned couplings and (*Trane)®’® instead of (Tiu)®/°. Thus, the values of
(Tiane)™® and (*Tray)®’® have been determined independently combining the
two experiments. Thus, the combination of three spin selective correlation
experiments provided the totality of the coupling information for this molecule.
These parameters would have been otherwise impossible to obtain from the
broad and featureless one-dimensional spectrum.

The advantage of this technique is evidently demonstrated in another spin
system of the type A;MPX whose spectrum is more broad than the previously
discussed molecule. The 2D correlated spectrum of (R/S)-propylene oxide with
selective excitation of methyl protons and the biselective excitation of protons 6
and 7 is given in Figure 35. It is impossible to determine the small strengths of
remote couplings due to significant loss of resolution from the methyl group
excited spectrum. However, the resolution achieved is dramatic in the spectrum
with biselective excitation of protons 6 and 7. The parameters CTras)® and
(*Trane)’ could be determined from the displacement vectors. The two different
(Thae)™® and (Tian)?’S could be unambiguously derived. The CTaen)™®
between geminal protons of methine group is also extracted directly from the F,
cross-section. Even though the one-dimensional proton spectrum of (R/S)-
propylene oxide is more broad and featureless compared to (R/S)-propylene
carbonate, the selectively correlated spectrum gave well-resolved cross-peaks for
both R and S enantiomers. One additional feature of this spectrum is the relative
signs of the couplings from the direction of tilt. The expanded portion of the
spectrum given in Figure 36 clearly brings out this fact. The tilt of the
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Figure 35 The two-dimensional Soft-COSY spectra of (R/S)-propylene oxide with selective
excitation of methyl protons. The separations marked with alphabets a, b, and c provide
coupling information 2Trara Taans, and *Thape or *Thany for R enantiomer and the
separations d, e, and f provide information 2Toianar “Thans, and *Thape or *Thany for S
enantiomer. (b) The 500 MHz two-dimensional correlated spectra of racemic mixture of
(R/S)-propylene oxide with selective excitation of protons 6 and 7. The cross-peaks at the
chemical shift position of proton 7 are given in an expanded scale along with F; and F,
projections. The separations marked with alphabets a, b, ¢, d, and e provide *Tgp7, >Trsuy
*Tushs ~Tranz, and >Trans for S enantiomer and the separations marked with alphabets f, g,
h, i, and j provide Tt “Tustn “Taske ~Tranz and >Thane for R enantiomer. Reproduced with
permission from American Chemical Society.
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Figure 36 The cross-peaks at the chemical shift position of proton 6 from Figure 35b along
with F; and F, projections. The expanded plot of the cross-peaks marked with broken
rectangle shows the opposite direction of the tilt of the displacement vector indicating the
long-range passive couplings *Tyauy is opposite in sign with other couplings. Similarly the sign
of the long-range coupling *Tiane is found to be opposite with others. Reproduced with
permission from American Chemical Society.

displacement vector shown in the expanded part of the cross-peak in the figure is
opposite to that of other couplings. This indicates that the long-range couplings
(*Trare)® and (*Tiyapr7)® have opposite signs compared to all the other couplings
of R enantiomer, whereas in S enantiomer (*Trype)” and (*Trmr)° have similar
signs relative to all the other couplings.

1.3 Advantages and limitations of the spin selected correlation
experiments

The biggest advantage of the Soft-COSY experiment, which is not obvious from
this selective methyl excited experiments, is in the selective excitation of two
protons. When appropriately chosen, two or three such experiments provide
magnitudes of all the proton—proton couplings in addition to their relative signs.
Since the specific region of the spectrum is selectively excited, the resolution of
the spectrum is dramatically enhanced due to smaller spectral width. With such
incredible resolution achieved due to displacement of peaks in the F; dimension,
it is possible to measure couplings smaller than line widths in Soft-COSY,
whereas it is impossible to derive these couplings from the SERF or DQSERF
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experiments. The coupling strength of 0.2Hz has been determined using
Soft-COSY from the broad and featureless spectra of (R/S)-propylene oxide.
The only limitation of this experiment is in the natural line width.

Another additional advantage of this technique is the enormous saving in
the instrument time compared to non-selective COSY experiment. Each two-
dimensional selectively excited correlated spectrum requires typically less than
half an hour (also depends on the T; relaxation delay) while the non-selective
COSY spectrum, to achieve a similar resolution, requires several hours of the
instrument time. In other words, all the spectral parameters could be derived by
several spin selective correlation experiments in less than the total experimental
time required for a single non-selective COSY experiment.

11.4 Spin selective correlation experiment and quantification of ee

The intensities of the NMR peaks are employed for the quantitative measurement
of mixtures.””’ When the excitation over a small band width is uniform, the ratio
of the intensities of the contours can be utilized to quantify ee. On a scalemic
mixture, the ee has been determined by measuring the contour volumes in A;MX
and A3;MPX spin systems.

12. BAND SELECTIVE SMALL FLIP ANGLE COSY (BASE-f-COSY)

In the spin selective correlation technique, several selective excitations were
required to be carried out to derive complete spectral information. Each selective
excitation demands large instrument time and the appropriate choice of several
such experiments is essential to determine all the couplings. In combating
this difficulty, the band selective homonuclear correlation experiment has
been reported. This band selection combined with small flip angle detection
pulse is an invaluable experimental tool in determining very small residual
dipolar couplings from the broad and featureless 'H spectra of chiral molecules
with minimum number of experiments and enormous saving of the instrument
time.

The BASE-COSY experiment is a variant of the COSY experiment wherein a
small band of frequencies is selectively excited in the t; dimension and correlated
to the entire spectrum in the t, dimension.”’ The analysis of BASE-COSY
spectrum is identical to normal COSY spectrum and provides couplings among
all the coupled spins in a single experiment. Thus, the significant advantage of
BASE-COSY experiment is the zooming of the small region of the spectra in the F;
dimension providing high resolution. It is clearly obvious that there is enhanced
spectral resolution in the F; dimension due to spectral zooming. The
disadvantage of BASE-COSY is that the complexity in the F, dimension persists
and the analyses of the spectra become very tedious with too many transitions in
each cross-section. The problem is very severe when the number of interacting
spins increases. This problem has been combated by manipulating the dynamics
of the spins. One such possibility is the use of small angle for the second pulse®”*
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in the BASE-COSY sequence which does not mix up all the energy states called
BASE-B-COSY. The spin states of the passive spins then remain undisturbed in
both the F; and F, dimensions, resulting in the separation of active and passive
couplings in the direct and indirect dimensions at the respective chemical shift
positions of the entire selected band. The problem of spectral overlap due to
too many transitions is therefore overcome, thereby simplifying the spectrum in
each cross-section. The displacement of the passive couplings in the F; and F,
dimensions also enables the measurement of couplings that are less than line
width. Therefore, as far as the analyses and the information content are
concerned, this experiment is analogous to Soft-COSY experiment,”” " where
the small region of the spectrum is selectively excited with identical source
and target frequencies, giving unambiguous chiral discrimination, enhanced
resolution, and the separation of active and passive couplings in both the
dimensions.”” The major advantage of BASE-B-COSY over Soft-COSY is that in
BASE-B-COSY there is no need of several selective excitations to determine all the
spectral parameters. Furthermore, it produces an E-COSY type spectrum and
permits the determination of relative signs of the couplings. The experimental
complications in employing biselective pulses for selective excitation can also be
overcome.

12.1 BASE-B-COSY and the simplification of '"H NMR spectrum of
(R/S)-3-butyn-2-ol

The two-dimensional BASE-COSY and BASE-B-COSY spectra of (R/S)-3-butyn-2-
ol are reported in Figure 37, where the source frequencies in the F; dimension
correspond to methyl protons and the target frequency in the F, dimension is the
entire single quantum spectrum. The manipulation of the spin dynamics in
reducing the spectral complexity of BASE-COSY is obvious from the expanded
region of the BASE-B-COSY spectrum corresponding to proton Hé (Figure 37¢).
The active coupling between the excited and detected spins is determined at the
respective chemical shift positions in both the dimensions. The separation
providing this information is a triplet for the methyl group and doublet for the
other two protons. The passive couplings with respect to the excited spins are
displaced along the F; dimension and those with respect to the detected spin are
displaced along the F, dimension. The active coupling (Tyer,)*° along F,
dimension and the displacement provide passive couplings (Tpz)®/°,
CTasu)? 5. The passive coupling (Trspe)® S is extracted from the displacement
along the F, dimension. Thus, all the couplings for both the enantiomers could
be determined in a single experiment. Therefore, the problem of several spin
selective excitations has been circumvented, in addition to simplifying the
analyses of the broad, featureless, and complex spectra. The identical but
redundant information could be obtained by the analyses of the resonances
pertaining to proton H5, where the coupling along F, dimension is (Tgspy)*/°
and the couplings obtainable from the displacements along F; and F, dimensions,
respectively, are (TS, CTrer)™/°, and (“Tispn)/°.
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Figure 37 (a) 500 MHz proton two-dimensional BASE-COSY spectrum of (R/S)-3-butyn-2-ol
with selective excitation of methyl protons (H7) along with the corresponding F; and F,
projections. (b) The 500 MHz proton 2D BASE-B-COSY spectrum with selective excitation of
methyl protons (H7). All the experimental and processing parameters are same as Figure 373,
except the flip angle of the second pulse is 15°. Assignments for different protons and to R
and S forms are marked. Only few of the cross-sections for R and S forms have been marked.
(c) The expanded portion of B pertaining to resonance of proton H6. The active and passive
couplings derivable from both F; and F, dimensions are marked. The separations providing
coupling information marked with solid lines are for R enantiomer and those with broken
lines are for S enantiomer. The separations providing the coupling information are: for R
enantiomer, a = *Tygpz, b = “Thens, € = “Tuspy, and d = 2Tyzn7; and for S enantiomer,
a="Tuerz, b = *Tuens, € = “Tuspz, and d = Tz Only few of the cross-sections for R and S
forms have been marked.
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12.2 Analyses of 2D proton BASE-B-COSY spectrum of
(R/S)-p-butyrolactone

The coupled protons of this molecule also form an AzMPX type spin system. The
chemical structure, one-dimensional 'H spectrum, and the selective methyl
protons excited two-dimensional BASE-COSY and BASE-B-COSY spectra of
(R/S)-B-butyrolactone are given in Figure 38. The two non-equivalent methylene
protons and the methine proton are the passive spins. In the 2D spectrum, F;
dimension pertains to the Aj; part of A;MPX spin system containing 24
transitions. The F, dimension has a band of all the four groups of protons. For
this molecule, the analyses of the bunch of resonances pertaining to protons H6
and H5 are suffice to determine all the couplings. The expanded region of the
spectrum pertaining to proton H6 and proton H5 is given in Figure 39 along with
the separations providing the coupling information. At the chemical shift
position of proton H6, the active coupling along F, dimension would be
CTiane)™® and the passive couplings of all the remaining spins with proton H4
and within the methyl proton themselves, that is, CTra)™®, CTrans)®’®, and
(Tha)?® are displaced along the F; dimension. On the other hand, in the F;
dimension, the active coupling is CTye,)*/°. However, the gassive couplings
with respect to proton H6, that is, CTyspe)™’® and CTyeuy)™’* are displaced
along F, dimension. Thus, seven couplings could be determined from this
spectrum.

The coupling CTysi)®’® is derivable from the analysis of the resonances
pertaining to proton H5. In this case, the coupling along F, dimension is
CTras)?° and the cousplings obtainable from the displacements along F;
dimension are (Trre)Y°, CTiar)™’®, and (*Tia0)®’/°. From the F; dimension,
the passive couplings to ]3:>r0t0n H5, that is, (3TH5H6)R/ S and (3TH5H7)R/ S can be
determined. Except for ( Tisi)R/5, all other information are redundant. The
interesting point to be highlighted is that the parameters (“Tiype)"’° and
(*Trar)®’® could be obtained unambiguously from the present experi-
ment unlike in Soft-COSY. This is clearly evident from the expanded regions
of the spectrum corresponding to proton H7 shown in Figure 40, where it is
obvious that the active coupling (*Tray)® is not detectable indicating that
it is negligibly small. As a consequence, there is no displacement of peaks
with passive couplings in either the F; dimension or the F, dimension for S
enantiomer. Therefore, these transitions are appearing exclusively from R
enantiomer.

12.3 Advantages of the BASE-B-COSY technique over other
methods

The significant advantages of the BASE-B-COSY method are the spectral
discrimination of enantiomers, the spectral simplification by separating the
active and passive couplings in the two dimensions. For example, unlike in the
spin selected correlation experiments, where more than one selective excitation is
required to determine all the couplings, a single BASE-B-COSY experiment
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Figure 38 (a) Racemic structure and the numbering of interacting spin in (R/S)-p-
butyrolactone. (b) The 500 MHz one-dimensional 'H spectrum of (R/S)-B-butyrolactone in
PBLG. The expanded regions of each spectrum and the assignment to different protons are
shown. (c) The 500 MHz proton 2D BASE-COSY spectrum of (R/S)-B-butyrolactone aligned in
the chiral liquid crystal PBLG, with selective excitation of methyl protons (H4) along with the
corresponding projections. (d) The 500 MHz proton 2D BASE-B-COSY spectrum with selective
excitation of methyl protons (H4) along with the corresponding projections. All the

experimental and processing parameters are identical to that of (c), except the flip angle of
the second pulse is 15°.

provides all the couplings resulting in the considerable saving of the instrument
time. To quantify it more clearly, the time required for Soft-COSY experiment
in (R/S)-3-butyn-2-ol is nearly 5h compared to only 2h for BASE-B-COSY
experiment for deriving identical information.
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Figure 39 (a) The expanded portions of Figure 38d pertaining to the resonances of proton
Hé6. Few of the cross-sections for R and S forms have been marked. Assignments to R and S
enantiomers are arbitrary. The separations (only the magnitudes) providing coupling
information reported in solid lines are for R enantiomer and those with broken lines are
for S enantiomer. The parameters obtainable are: for R enantiomer, a = *Tya6, b = *Thgun
¢ = Tusne d = *Thans, € = *Thans, and £ = “Tanz; and for S enantiomer, a = *“Tyune,

b = 2Tuenz, € = *Tusme d = *Thans, € = “Trapa, and f = *Tour. (b) The expanded portions of
Figure 38d; resonances corresponding to proton H5. The active coupling along F, dimension
provides *Tiyus and the displacement providing *Tysyy is marked with alphabet. These
separations are d = *Trans and g= 3T shy.
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Figure 40 Resonances corresponding to proton H7 of Figure 38d. Notice the active coupling
(Than)’® is not detectable. Thus, there is no displacement of peaks due to passive couplings.
Consequently, this spectrum pertains to that of proton H7 from pure R enantiomer. The
analysis of this spectrum provides redundant information (i.e., active coupling "Ti47 along F,
dimension and passive couplings of H4 to other protons along F; dimension) and hence the
separations are not marked.

12.4 BASE-B-COSY and the relative signs of the couplings

Like in many of the methodologies discussed before, even in BASE-B-COSY
experiment the direction of tilt of the displacement vector provides the relative
signs between active and passive couplings. The BASE-B-COSY spectra of
(R/S)-B-butyrolactone and (R/S)-propylene oxide where, respectively, the spins
H6 and H7 are selectively excited are given in Figure 41. It is clearly evident from
the direction of the displacement, marked with tilted lines, that the long-range
couplings (Trane)® and C(Tpa)® are opposite in (R/S)-propylene oxide for R
enantiomer, whereas for S enantiomer (*Trpe)” and (*Tiapy)° have similar signs
relative to all the other couplings. In (R/S)-B-butyrolactone, as one of the long-
range couplings (Trarr)’ is negligibly small (tilted line is nearly horizontal), it is
difficult to talk about the relative signs in this case.

13. CONCLUSIONS

In the present chapter, we have discussed the origin of the complexity of proton
NMR spectra in both strongly and weakly dipolar coupled spin systems. The
in-depth discussion is provided about the NMR interaction parameters in the
oriented media and their influence on the spectra, the nomenclature of
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Figure 41 (a) The 500 MHz proton 2D BASE-B-COSY spectrum of (R/S)-propylene oxide with
selective excitation of proton 6. The region marked with broken rectangle is plotted with an
expanded scale on the right. Notice the incredible resolution achieved in separating the
quartet for the long-distance coupling of H7 with H4 in R enantiomer. The directions of their
tilt are opposite indicating that their relative signs of the couplings are opposite. (b) 500 MHz
proton 2D BASE-B-COSY spectrum of (R/S)-B-butyrolactone with the selective excitation of
proton numbered 7. Only portion of the spectrum corresponding to proton 7 (H7) is plotted.
The region marked with broken rectangle is plotted with an expanded scale on the right. The
quartet for the long-distance coupling of H7 with H4 could be resolved for both R and §
enantiomers. This parameter is undetectable for S enantiomer and hence there is no
displacement in F; dimension.

the spin system, the spectral complexity, and the difficulties in analyzing them.
The biggest challenge is in analyzing the complex spectra, be it first and second
order, for determining the spectral parameters, especially the dipolar couplings
that are essential for the determination of molecular structure. The several
recently developed methodologies for either simplifying the spectral complexity
or deriving information that aids their analyses have been discussed. As far as
the molecules in the weakly aligning media are concerned, the special emphasis
on the proton NMR detection for chiral discrimination, the separation of the
overlapped spectra of enantiomers, and several methodologies in discerning the
degenerate transitions from the broad and featureless one-dimensional spectra of
chiral molecules have been discussed. Each developed technique, utilizing spin
selective MQ and single quantum correlation techniques, has been discussed
taking specific examples of different types of spin systems. The relative signs of
the couplings and the feasibility of measuring the ee have been discussed.
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Acetonitrile, MQ coherence, 351-355
13C DQ-SQ coherence, 353-355
DQ-SQ coherence, 355
3Q-SQ coherence, 351-353

Alanines, 311

AIPOg-berlinite, 316

Aluminophosphate molecular

sieve, 316

y-Aminobutyric acid (GABA), 317-319

Aminosilanes, 117-119

Ammonium formate, 309-310

B-amyloid peptides, 308

Anisotropic liquids
chemical shift in, 336, 345-346
dipolar coupling in, 338
quadrupolar interaction in, 339

Anisotropies
coupling, spin-orbit effects

and, 80-83
shielding tensor, 66—68

Anti-phase (AP) doublets, 270

AP magnetization, 273, 290, 317

Apparent diffusion coefficient (ADC),

320-324
Au-Au spin-spin couplings in WAuyj,
183W chemical shifts and, 63
Automatic analysis, of oriented molecules,
343-344

BABA, 306-307
BASE-B-COSY, 411-417
advantage of, 414415
and couplings, 417
overview, 411-412
of (R/S)-p-butyrolactone, 414
of (R/S)-3-butyn-2-ol, 412
vs. Soft-COSY, 412
Bathorhodopsin, 312
BEBOP pulses, 298
Benchmarks, for NMR computations
acronyms used, 32-33
FC term in PbH,4 and spin—orbit shielding
in HI, 33-38
Bent’s rule, 115
BIBOP pulses, 298
Bicelles, dipolar couplings, 364-367
Bilinear operators, 22n

Binuclear spin state selection, for chiral
discrimination, 395-402
13C edited 3Q-SQ spectrum, 397-402
(R/S)-3-butyn-2-ol, 397-399
(R/S)-propylene carbonate, 399-402
pulse sequence, 396-397
Y-BIRD-HMQC experiment, 108-109, 110
"H-*Si, applied to Si(OMe),, 109
Y-BIRD-HSQC experiment, 108-109, 110
BIRD module, in X-H correlation
experiments, 375
Bisphenol A polycarbonate, 310
Bohr model, 5
Bond-order parameters, 117
Born-Oppenheimer approximation, 4
Born-Oppenheimer molecular dynamics
simulations (BOMD), 58
Boys-localized MOs, 31
Breit-Pauli operator, 24, 33, 43
Breit-Pauli perturbation approach, 47
Broadband rotarg resonance recoupling
sequence (B’R?), 282
Brushite, 313

13
C
coupling with #Si. See *Si-'*C couplings,
100
INADEQUATE experiment, 101
in natural abundance, 370-371
one-pulse experiments, 98, 99
properties, 98-100
satellites in 2Si, 100
spectrum formation, 101
[13C3]-alanine, 311
Carbon chemical shifts, of transition metal
carbonyls [M(CO)s]", 45
Carbon, Si(sp3)- C(sp2) bonds
and chlor(s), possibly to hydrogen(s),
silicon(s) bonded to, 187-190
and hydrogen(s), silicon(s) bonded to,
182-184
nitrogen(s) and, silicon(s) bonded to,
184-185
oxygen(s) and, silicon bonded to, 185-186
silicon bonded only to, 175-180
13C-cys-labeled proteorhodopsin, 312
13C-detected IPAP INADEQUATE, 298
Chang-Pélissier-Durand Hamiltonian, 13

425



426 Subject Index

Chemical shift (6)
in anisotropic liquid, 336, 345-346
defined, 6
in heavy-element systems
benchmark data, spin-orbit effects,
halogen dependence, 4046
gold cages and poly-oxo-metallates,
63-66
heavy-atom shielding, 46-52
heavy metal, 52-62
shielding tensor anisotropies, 6668
in isotropic liquid, 335
Chiral discrimination, 369-375
binuclear spin state selection for, 395-402
13C edited 3Q-SQ spectrum, 397-402
pulse sequence, 396-397
BIRD module, in X-H correlation, 375
13C experiment for, 369-370
HETSEREF for, 374
"H NMR for
advantage, 371
(R/S)-3-butyn-2-ol, 373
(R/S)-2-chloropropanoic acid, 371-373
(R/S)-propylene carbonate, 373
(R/S)-propylene oxide, 373
’H NMR for, 370-371
SERF for, 374
single quantum spin selective correlation
for, 402411
advantage and limitation, 410411
enantiomeric excess (ee), quantification,
411
(R/S)-3-butyn-2-ol, spectral analysis, 403
(R/S)-propylene carbonate, spectral
analysis, 403-408
(R/S)-propylene oxide, spectral analysis,
408410
Chiral liquid crystal (CLC), properties of,
368-369
Chiral molecules, 367-369
and DOE, 368
PBLG solvents, properties, 368-369
13C-labeled (CH;),COHSO;Na, 308
13C-labeled polycrystalline L-alanine, 311
13C-labeled rhodopsins, 312
CLC. See Chiral liquid crystal (CLC), 368-369
Coherence order and spin state-selective
(COS?) transformations, 288
Composite refocusing (CR), 285
one-dimensional version of
INADEQUATE with, 287
Conductor-like screening model (COSMO),
57, 65, 74-75, 79
Continuous set of gauge transformations
(CSGT), 28

Core orbitals, relativistic effects and, 32
Corundum (a-Al,O3), 315
COSMO. See Conductor-like screening model
(COSMO), 57, 65, 74-75, 79
COsY, 272, 311
Coulomb’s law, 4
Coupled cluster (CC) ansatz, 9
Couplings
anisotropies, spin-orbit effects and, 80-83
effects, 274
homonuclear proton-proton, 106
results
general theory, 112-113
11(?%si, 13Q). See 1J(¥si, 1°C) couplings,
113-116
#Si-13C. See 2°Si-*C couplings, 100
spin-spin, 112
CSGT. See Continuous set of gauge
transformations (CSGT), 28
[2,3-13C,]sodium propionate, 310
13C spin state selected spectra, 395-396
pulse sequence, 396-397
3Q-5Q spectrum
of (R/S)-3-butyn-2-ol, 397-399
of (R/S)-propylene carbonate, 399-402
1-13C-Val-AB.35, 308
Cyclic carbosilanes
dependence of 1](Si, QO), 118
CYCLOPS, 270
Cyclosilazoxanes, 117

DANSOM, 343-344
Darwin operator, 15-16, 25
3,3’-d,-camphor, 315
DCB. See Dirac-Coulomb-Breit Hamiltonian
(DCB), 9
2D correlated spectrum
of (R/S)-propylene carbonate, 403—408
of (R/S)-propylene oxide, 408-410
Decoupling, 101
Density functional theory (DFT), 8, 9, 16,
18-19, 28, 33. See also ZORA DFT
computations, 66, 67, 71
computations, of transition metal chemical
shifts, 3
proton shift in HI and, 42
Pt chemical shifts and, 55-57
%Te shielding constants and, 48-49
Deuterium (*H)
decoupling, 345
natural abundance, 370-371
order parameter from, 349
DEFT. See Density functional theory (DFT), §,
9,16, 18-19, 28, 33



DFT-ZORA method. See ZORA DFT
computations, 66, 67, 71
Diamagnetic (bilinear) perturbation
operators, 18
Diamagnetic shielding, 26, 44
Diamagnetic spin—orbital (DSO), 22
Diels—Alder poly(phenylene) polymer
membranes, 306
Differential ordering effect (DOE), and chiral
molecules, 368
Diffusion-controlled echo attenuation, 321
1,4-difluorobenzene, 'H NMR spectra of,
361-363
2,6-difluoropyridine, '"H NMR spectra of,
357-361
Dipolar-assisted rotational resonance
(DARR), 312
Dipolar couplings
in aligned molecules, 336-338
in anisotropic liquids, 338
in isotropic liquids, 337-338
pseudo-dipolar coupling, 338
and spin system, 337
of lecithin molecules, 306
of weakly aligned molecules, 363-364
bicelles, orientation in, 364-367
thermotropic liquid crystals, 364
Dipolar dephasing, 311
Dipolar recovery with a windowless
sequence, 308
Dipolar shift correlation spectroscopy, 310
Dirac—Coulomb-Breit Hamiltonian (DCB), 9
Dirac delta function, 112
Dirac equation, 10-11, 22, 24, 35-36
DKH method. See Douglas-Kroll-Hess
(DKH) method, 14, 20, 48, 86
DNA oligomers, 308
3,3’-dy-norcamphor, 315
DOE. See Differential ordering effect (DOE),
368
Double J-modulated (DJM), 298
Double quantum coherences (DQCs), 267,
270
Double quantum crosspolarization (DQCP),
314
Double quantum filters (DQF)
localized single shot, 317
in the solid state and in ordered phases,
271
in spatially resolved NMR, 271
Double quantum pulses, 277
Double quantum selective refocusing
(DQSERF), 375, 385-386
in Aj spin system, 379
in AX spin system, 385
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T delay in, 381
and enantiomeric excess (ee), 384
in AzsMX spin system, 385
spin dynamics in, 377-378
vs. SERF, 385
in A3X spin system, 385
Double quantum transitions for finding
unresolved lines’” (DOUBTFUL), 297
Double resonance, 106
Double single quantum, 311-312
Douglas-Kroll-Hess (DKH) method, 14, 20,
48, 86
DKHI1 scheme, perturbation operator in,
24
DQ coherence transfer spectroscopy, 320-321
DQ-DRAWS, 308, 309
DQ filtering prior to evolution (DOPE), 312
DQ filtering prior to evolution (DOPE) and
after mixing (DOAM), 312
DQ filtration, 282
DRAMA, 278-279
two-pulse sequence, 279
DSO. See Diamagnetic spin-orbital (DSO), 22
Dysprosium bis(tripolyphosphate), 304
Dysprosium triethylenetetramine-
N,N,N’',N”,N”" ,N""-hexaacetic acid
(TTHA), 304

E-COSYpattern, 108, 109
ECPs. See Effective core potentials (ECPs), 15,
39
Effective core potentials (ECPs), relativistic,
15, 39
235 chemical shifts and, 54
EFG. See Electric field gradients (EFG), 3,
83-87
Einstein’s special relativity, 2, 4
Electric field gradients (EFG), NMR
computations and, 3, 83-87
operator, 83-84
Electron correlation effects, on heavy-nucleus
shielding, 46, 48
Electronegativity
Pauling, 119
spin-spin couplings and, 115
Electron—electron Coulomb repulsion, 15
Electron—electron SO operator, 16
Electronic g-factor, 22
Elimination of small component (ESC)
scheme, 11-12, 14
Enantiomeric excess (ee)
DQSERF and, 384
spin selective correlation experiment
and, 411
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endoneurium, 303

Energy (E)
computing second derivatives of, 16-20
defined, 7-8
and wavefunctions, 8-16

epineurium, 303

Erythrocytes, 305

ESC scheme. See Elimination of small

component (ESC) scheme, 11-12, 14

FC+SD-OP mechanism, 38
FC term, in PbH,, 33-38
Fermi contact term, 113-114
spin-spin couplings and, 115
First-order response, 7n
First-principles theory, 7
NMR parameters from, analyzing, 30-32
Five spin system, 'H NMR spectra of,
357-361
Foldy—Wouthuysen transformation, 12

Galilei’s principle of relativity, 2, 4

gauge including atomic orbital (GIAO), 28-29

gHSQC-RELAY (D) pulse sequence, 109-110,
111

gHSQC-RELAY (P) pulse sequence, 109-110

GIAO. See Gauge including atomic orbital
(GIAO), 28-29

Glassy thiophosphates, 313

Glycine, 308

Gravitational forces, 2n

HAHA. See Heavy-atom (relativistic) effects
on heavy-atom (HAHA), 33, 38, 40, 48,
51, 63

HALA. See Heavy-atom effect on light-atom
(HALA), 33, 38

Halogen dependence, proton chemical shifts
and, 40-46

Hamiltonian, of aligned molecules, 335

HAOHA. See Heavy atom-other heavy atom
(HAOHA), 51, 63

Hartmann-Hahn matching, 314

Hartree atomic units (a.u.), 4

Hartree-Fock (HF) method, 8, 28, 69

125Te shielding constants and, 48-49

TH-3C HMQC experiment, 109

Heavy-atom effect on light-atom (HALA), 33,
38

Heavy-atom-heavy-atom coupling constants,
73-79

Heavy-atom-light-atom couplings, 69-73

Heavy atom-other heavy atom (HAOHA),
51, 63

Heavy-atom (relativistic) effects on heavy-
atom (HAHA), 33, 38, 40, 48, 51, 63
Heavy-atom shielding, 46-52
Heavy-element systems
chemical shifts in
benchmark data, spin-orbit effects,
halogen dependence, 40-46
gold cages and poly-oxo-metallates,
63-66
heavy-atom shielding, 46-52
heavy metal, 52-62
shielding tensor anisotropies, 66—68
spin-spin coupling in
heavy-atom-heavy-atom coupling
constants, 73-79
heavy-atom-light-atom couplings, 69-73
small-molecule benchmark data, 68-69
spin-orbit effects and coupling
anisotropies, 80-83
two/multi-bond couplings, 79-80
valence orbitals in, 5
Heavy metal chemical shifts, 5262
Heavy-nucleus shielding, electron correlation
effects on, 46
Hellmann-Feynman theorem, 17, 19
Hermitian operator, 17n
Heteronuclear INADEQUATE, 100
pulse sequence, 101
Heteronuclear recoupling sequences, 281
Heteronuclear selective refocusing
(HETSERF), 374
HET-s(218-289), 310
HETSEREF. See Heteronuclear selective
refocusing (HETSERF), 374
Hexadecanoic acid, 298
Hexahypothiophosphate, 313
Hexamethylbenzene (HMB), 310
Hexanoic acid, 298
HF method. See Hartree-Fock (HF) method, 8,
28, 69
Hg chemical shifts, NMR computations and,
61-62, 66
Hg-Hg coupling constants, 76, 78
HI, spin-orbit shielding in, 37-38
"H NMR spectra
anisotropic chemical shift, 345-346
deuterium decoupling, 345
of 1,4-difluorobenzene, 361-363
of 2,6-difluoropyridine, 357-361
energy level connectivity, 346-349
MQ NMR. See Multiple quantum (MQ)
coherence, 266, 349-350
natural abundant deuterium for, 349
of (R/S)-3-butyn-2-ol, 373
of (R/S)-2-chloropropanoic acid, 371-373



of (R/S)-propylene carbonate, 373
of (R/S)-propylene oxide, 373
of weakly dipolar coupled spins. See
Dipolar couplings, of weakly aligned
molecules, 306, 336-338, 363-367
Z-COSY experiment, 346-349
[3,3"-*H,Inorcamphor, 300
Homogeneity, of aligned molecules, 341
Homonuclear proton—proton couplings, 106
Homonuclear scalar couplings, 311
HORROR, 281
Hiickel theory, 68, 78
HXeCCH molecule, as model for
organo-xenon compounds, 50-51
HX series
computed halide shielding constants
in, 47
computed proton chemical shifts
in, 41-42
Hydroxyapatite, 313
Hyperconjugation
effect of, 2Si-'3C couplings, 123-126

IGLO. See Individual gauge of localized
orbitals IGLO), 28
IHD. See Inverse halogen dependence (IHD),
44, 46
INADEQUATE experiment, 101
Incredible Natural Abundance DoublE
QUAntum Transfer Experiment
(INADEQUATE), 268-271
offset-compensated, 275
phase cycling, 269-270
pulse sequence, 269
basic J-compensated, 275, 276
INEPT, 277
symmetric, 271n
Individual gauge of localized orbitals IGLO),
28

INEPT-(Si, C, Si))gHMQC, 104-105
pulse sequence, 103

INEPT-(Si, C)gCOSY, 103-104

Infinite-order regular approximation (IORA),
14

Internuclear repulsion potential (Vnn), 8-9,
8n

Intra-axonal compartments, 303

Inverse halogen dependence (IHD), 44, 46.
See also Halogen dependence, 40-46

IORA. See Infinite-order regular
approximation (IORA), 14

ISIS mode, 316

Isotope effects, NMR computations and,
29-30
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Isotope-induced chemical shifts
17(Si, C) and, 129-130

Isotropic liquids
chemical shift in, 335
dipolar coupling in, 337-338
quadrupolar interaction in, 339

Jeener-Broekaert sequence, 304
'J(Si, C) couplings
correlation between 1](2951, 15N) and, 119
dependence of, in cyclic carbosilanes, 118
and isotope-induced chemical shifts,
129-130
values of, 120, 122
'J(*%si, '*C) couplings, 113-116
aminosilanes, 117-119
assignments, 130-131
complexes, 128-129
1](Si, C) and isotope-induced chemical
shifts, 129-130
Si—C, Si—Si bonds, 123
Si-C=C fragments, 126-128
Si-C=C fragments, 119-123
silacyclobutanes and silacyclopentanes,
117
l](ZQSi’ 15N)
correlation between 'J(Si, C) and, 119
J¥(Si-"3C) couplings, over two and more
bonds
"J(Si, ©)
signs, 131-133
values of, 133-135
structural studies, 135-136

Kap. See Spin-spin coupling, 6-8, 39, 112

Kohn-Sham (KS) equations, 18, 28

KS equations. See Kohn-Sham (KS)
equations, 18, 28

*La chemical shifts, ZORA DFT
computations and, 54-55

Lactic acid, 320-321

LAOCOONOR, 343

Larmor frequency, 277

LBR sequence, 288

1D INADEQUATE, 288

LCNMR. See Liquid-crystal NMR (LCNMR),
66

Lee Goldburg (LG) sequences, 346

LG sequences. See Lee Goldburg (LG)
sequences, 346

Linear response equation, 17

Liquid crystalline phases, 302-303

Liquid-crystal NMR (LCNMR), 66
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Liquid crystals, molecules alignment in
chemical shift
in anisotropic liquid, 336
in isotropic liquid, 335
dipole-dipole coupling, 336-338
Hamiltonian, 335
homogeneity, 341
order parameter, in nematic phase,
339-341
and experimental conditions, 341
and molecular symmetry, 340-341
quadrupolar interaction, 338-339
spectral analysis. See Spectral analysis, of
oriented molecules, 342-344
spin system, 341-342
Localized orbital/local origin (LORG), 28
Lone-pair effect, 120
Lorentzian component, 305
LORG. See Localized orbital/local origin
(LORG), 28

MAD. See Mean absolute deviation (MAD),
48
Magic angle spinning (MAS), 271
Magnetic moment, 6, 7, 22
[M(CO)e]" (transition metal carbonyls),
carbon chemical shifts of, 45
MCSCE. See Multiconfigurational SCF
(MCSCEF), 28, 33, 37
Mean absolute deviation (MAD), 48
Methionine, 308
Methylethoxysilanes, 116
MOhbile Universal Surface Explorer
(MOUSE), 319-320
Molecules alignment, in liquid crystals
chemical shift
in anisotropic liquid, 336
in isotropic liquid, 335
dipole-dipole coupling, 336-338
Hamiltonian, 335
homogeneity, 341
order parameter, in nematic phase,
339-341
and experimental conditions, 341
and molecular symmetry, 340-341
quadrupolar interaction, 338-339
spectral analysis. See Spectral analysis, of
oriented molecules, 342-344
spin system, 341-342
Monte-Carlo-type (MC) simulations, 30
MQ coherence. See Multiple quantum (MQ)
coherence, 266, 349-350

MTAI See N-methyl-N,N,N-
trioctadecylammoniumiodide (MTAI),
364
Multiconfigurational SCF (MCSCEF), 28, 33, 37
Multi-exponential relaxation, 305
Multiple quantum coherences (MQCs), 266,
349-350
for acetonitrile, 351-355
e DQ-SQ coherence, 353-355
DQ-SQ coherence, 355
3Q-SQ coherence, 351-353
defined, 267
2D experiments, 272
2D MQ-SQ correlation, 350-351
for ortho-difluorobenzene, 355-356
preparation, 271-277
under conditions of multi-exponential
relaxation, 282-283

N. madagascariensis, 310
N-acetylalanine, 322
N-acetyl-L-valine, 308
NADH c¢-2"-phosphate (NADPH), 297
Nafion, 306
Natural bond orbitals (NBOs), 30
Natural localized MOs (NLMOs), 31
Pb-H spin-spin coupling in PbH,
and, 37
in [PtCLJ*" and [PtCI°*, 60-61
Na,ZrO;3, 316
NBOs. See Natural bond orbitals (NBOs), 30
NHD. See Normal halogen dependence
(NHD), 37-38, 42, 46
B-nicotinamide adenine dinucleotide
(NADH), 297
°N-labeled 2-ureido-4['H]-pyrimidinone,
306
NLMOs. See Natural localized MOs
(NLMOs), 31
N-methyl-N,N,N-trioctadecylammonium-
iodide (MTAI), 364
NMR computations, relativistic methods for,
4
benchmarks for, and case studies
acronyms used, 32
electric field gradients, 83-87
FC term in PbH,4 and spin—orbit
shielding in HI, 33-38
heavy-element systems. See Heavy-
element systems, 40-80
energy, computing second derivatives of,
16-20
first-principles, analyzing parameters
from, 30-32



nuclear magnetic shielding, 26-27
gauge-origin problem for, 28-29
nuclear shielding, 6-8
requirement of, time for, 3840
special relativity in chemistry, importance
of, 5-6
spin-spin coupling, 6-8
indirect nuclear, 27-28
vibrational and thermal averaging
isotope effects, 29-30
vs. nonrelativistic
energy and wavefunctions, 8-16
perturbation operators, 20-26
NMR K-coupling, 7
4-n-octyloxybenzoic acid, 341
NOE. See Nuclear Overhauser Effect (NOE), 98
Nonrelativistic many-electron theory, 9
Non-selective elements, 286
Normal halogen dependence (NHD), 37-38,
42, 46. See also Halogen dependence,
40-46
Nuclear Magnetic Resonance, Specialist
Periodical Reports series, 3
Nuclear magnetic shielding, 26-27
gauge-origin problem for, 28-29
Nuclear magneto-gyric ratio, 6
Nuclear Overhauser Effect (NOE), 98
Nuclear quadrupole coupling tensor, 3
Nuclear shielding, 6-8
Nutation frequencies, 277, 316
Nylon-6 fibers, 306

Off-magic angle spinning (OMAS), 313
One bond, silicon—carbon couplings, 116
measurement of, 114
One-dimensional experiments, 106-108
One-electron magnetic perturbation
operators, 21
One-pulse experiments
of 1°C, 98,99
of #Si, 98, 99
OP-OZ term, defined, 26n
Optimal control theory, 281
Order parameter, of aligned molecule,
339-341
and experimental conditions, 341
and molecular symmetry, 340-341
ortho-difluorobenzene, MQ coherence, 355-356
orthothiophosphate, 313

Paramagnetic (bilinear) perturbation
operators, 18

Paramagnetic spin—orbital (PSO), 22

Passive nucleus, 108
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Pauli DFT approach, 52
for tetraoxo-metallates, 53
tungsten chemical shifts and, 52
235U chemical shifts and, 54
Pauli Hamiltonian, 12, 15, 43
Pauling electronegativities, 119
Pauli SO operator, 62, 69
Pauli spin-matrices, 9, 11
Pb chemical shifts, ZORA DFT computations
and, 51-52
PbH,, FC term in, 33-38
Pb-H spin-spin coupling constant, in
lumbanes, 33-35
3P-°C HMQC experiment, 109
Perturbation, 106
operators, for NMR, 20-26
Perturbation theory, relativistic, 15, 43, 47
nonsingular four-component, 43n
Phase cycling, 101, 288
Phase of the preparation sandwich, 2751
Phase shift, 267
of the reconversion sequence, 268n
[(PhsPAW)6CI**, structure of, 63-64
Picture-change effects, 11n
Planck’s constant, 4
Plumbanes, Pb-H spin-spin coupling
constant in, 33-35
Point resolved spectroscopy (PRESS), 319
Polarization transfer experiments
s, 99
Poly-y-benzyl-L-glutamate (PBLG), 334
first order analysis of, 371-374
properties of, 368-369
1,4-cis-poly(isoprene), 319-320
Poly-oxo-metallates (POM), 64-66
Polyvinazene (PV), 307
POM. See Poly-oxo-metallates (POM), 64—-66
Proton—proton couplings, 106
Pseudo-dipolar coupling, 338
Pt chemical shifts, NMR computations and,
55-61
[PtCl,]* and [PtCI°]*, NLMOs in, 60-61
Pt-Pt spin-spin coupling, 73-74
Pt[SZCZ(CF3)2]2 (Pt biS'dithiOlene), 57-58
Pt-T1 bonded complexes, metal chemical
shifts of, 56-57
Pt-Tl coupling constants, 75-77
Pulse sequence, 396-397
gHSQC-RELAY (D), 109-110, 111
gHSQC-RELAY (P), 109-110
heteronuclear INADEQUATE, 101
INEPT-(Si, C, Si)gHMQC, 103, 104
INEPT-(Si, C)gCOSY, 103
[PW1;TiO4]%, structure of, 65
Pyrothiophosphate, 313
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QED. See Quantum electrodynamics (QED), 9
Quadrupolar interaction, liquid crystals,
338-339
in anisotropic liquid, 339
in isotropic liquid, 339
secular, 338
Quadrupole-EFG interaction, 83
QUADSHIFT experiment, 315
Quantum electrodynamics (QED), 9
Quasi-axial (endo), silicon-bonded methyls
one-bond silicon-carbon couplings for, 128
Quasi-equatorial (exo), silicon-bonded
methyls
one-bond silicon-carbon couplings for,
128-129
“Quasi-relativistic”, 12
Quaternary ammonium, 364

Ramsey equations, 22
Ramsey’s formulas, 112
Rat sciatic nerve, 303
RbNO;, 316
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