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Synopsis

QOrganization of the thesis

The present thesis reports the development of new Nuclear Magnetic Resonance
(NMR) experimental methodologies to accomplish spectral simplifications and enhanced
resolution, in solid-state and solution-state. The thesis is divided into 8 chapters under two
sections. The chapter-1 under the first section provides a general introduction to NMR
method, Hadamard NMR spectroscopy and their importance in structural chemistry. The
experimental schemes developed and the results obtained are discussed in subsequent
chapters.

The development of solid-state NMR experimental techniques are aimed at
obtaining desired spectral information, both scalar and dipolar couplings (inter nuclear
distances), by simplifying complex NMR spectra. The new 1D and 2D experimental
strategies are based on selective manipulations of spin-spin interactions by means of
Hadamard frequency encoding/decoding matrices. The developed techniques have been
successfully applied to multi-spin systems, viz., **C-lablled organic solids for the first time.

The results are presented in the first section (chapter 2 to 6).

The idea of spectral simplification has been extended to solution-state as well, for
unambiguous structural elucidations and the results are presented second section. Unlike
solid-state samples, the dipolar interactions are averaged to zero in solution-state, thereby
yield NMR spectra representing only the features of chemical-shift and scalar (J) couplings.
However, often the solution-state *H NMR spectra suffer from intense overlaps due to
spread of J-multiplets. The second section of the thesis reports the techniques developed for
overcoming these problems. Herein the enhanced spectral resolution has been
accomplished by employing new real-time pure-shift pulse schemes that involve broadband
and band-selecting homo-decoupling. The results are presented in the second section
(chapter 7 and 8).
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l. Hadamard solid-state NMR: Novel method developments for

estimation of precise structural information

A) Hadamard selective spin-echoes for simultaneous measurement of multiple scalar

couplings (small and large) from organic solids

Scalar spin-spin couplings (J) serve as powerful structural probes in NMR
spectroscopy to map through-bond atomic connectivities and to gain insight into the local
conformation as well as configuration of molecules. The measurements of J-couplings in
solution-state is often straightforward from one-dimensional (1D) spectra due to the
intrinsic resolution, whereas they are obscured in solid-state samples due to the dipolar and
CSA-dominated line broadening, even under magic angle spinning (MAS). The DQ-based
and J-resolved 2D-correlation techniques developed earlier for solid-state have allowed to
observe J-multiplets in J-resolved dimension, for favourable cases. Alternatively, in the
past few years the strategic developments in solid-state MAS NMR techniques have aptly
exploited the J-modulation effect on spin-echoes, for precise measurement of J-couplings
of hetero nuclear or isolated homo-nuclear spin-pairs™! Spectral editing methods based on
only dual frequency-selective pulses are also reported for recording of pair-wise spin-spin
interactions. However, these selective spin-echo schemes demand the experiments to be
repeated for each spin pair of the molecules. The present sub-section discusses a versatile
and conceptually different spin-echo strategy (refocusing scheme) based on Hadamard
encoding/decoding,!”? for simultaneous recording of multiple homo-nuclear spin-spin
couplings in uniformly spin-labelled solids, in a single experiment. In this method, the
selected set of NMR resonances are encoded according to the rows of a nXn Hadamard
matrix and the corresponding polychromatic pulse comprised of these selective frequencies
is used for refocusing. Subsequently, the refocused signal (complex FID), is decoded
according to the columns of the same Hadamard matrix. The resultant spectrum consists
only the pre-selected resonances, and the variation of the echo-amplitude with respect to the
echo-time [echo-modulation: S (1) cc c0s {7J (Tev-Tsn)} €XP (-Tev /T2")] yields the magnitude
of the J-coupling with its coupled partner(s). This way, the hidden spectral information can
be easily extracted, in multi-spin solids. The present approach is exemplified for measuring

1cc and 3Jcc in uniformly 13C-labelled molecules. Unlike the conventional methods
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reported earlier, the present strategy (1) neither requires the experiments to be repeated for
each spin pair in the molecule (2) nor demands a set of specially synthesized *C, labelled
molecules.
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Figure 1: Schematic representation of Hadamard encoded selective spin-echo pulse

sequence in multiple frequency selective refocusing modes.
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Figure 2: Schematic representation of Hadamard selective spin-echoes recorded for both
the double and multiple selective refocusing modes on the different spin pairs/combinations
of uniformly labelled L-Histidine.HCI.

The Hadamard selective spin-echo methodology has been demonstrated for
different spin combinations of same molecule and both directly bonded (*Jcc) and long
range scalar couplings ("Jcc) are measured in a single experiment. The experimental
strategy employed herein for recording spin-spin interactions, is rather new, and it almost
impossible to accomplish the same with the conventional methods. The estimated scalar

couplings from all the individual echo-modulations have shown nice agreement with the
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values directly recorded in solution-state, which highlights the reliability of this unique

approach.
1.00
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Figure 3: Spectral simplification and the respective spin-echo modulations: (a)
Comparison of *C-CPMAS full spectrum of *Cg L-Histidine.HCI with the Hadamard
encoded multiple selective spin-echo NMR spectra of different spin-combinations. Spin-
echo modulations for different spin pairs of C2-C3-C5-C6 of *Cg L-Histidine.HCI in multi
frequency refocusing mode: b) C5-C6 spin-echo modulation is monitored from the C6, c)
spin-echo modulation of C2, when modulating with C3 (S, closed circles) and only
selection of C2 (So, open circles). d) S/So modulation of C2 results in pure frequency
component equals to the *Jc,.c3 of ~4.0 Hz.  The corresponding J-values are determined by

fitting the modulations to the equation S (7) a cos [7cc (7=7hn)] exp (- aT5).

B) Two-dimensional Hadamard encoded selective spin-echoes for uniformly spin-
labelled organic solids: Simultaneous and accurate measurement of multiple scalar

couplings

As described above, Hadamard assisted multiple selective spin-echo NMR
methodologies have been demonstrated in a pseudo two-dimensional method for
simultaneous measurement of scalar couplings in uniformly labelled molecules. While the
method is conceptually appealing and easy to implement, the disadvantages with the
pseudo selective spin-echo NMR method noted are (i) for spin-pair the echo integrations to

be monitored as a function of evolution times, therefore time-consuming and (ii) the
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performance of the selective spin-echo experiments are limited when the chemical-shift
resolution is poor. However, the pseudo two-dimensional method offers basis for

subsequent development of this strategy for more complex cases.

The present approach aims to triumph over these disadvantages by adopting a novel
approach that relies on Hadamard assisted two-dimensional spin-echo and J-scaling, ©! for
enhanced resolution. The J-scaling methodologies are well known in 1D and 2D solution-
state NMR for artificially enhancing the resolution and are useful for the measurement of

long-range scalar couplings. However, they are sparsely explored in solid-state NMR.

The Z-filtered J-scaled spin-echo (ZFJSSE) is a new pulse sequence designed from
Z-filtered spin-echo, wherein the t/2 intervals are replaced by ‘n’ times of t1/2. In case of
normal Z-filtered spin-echo pulse sequence, the J-coupling evolves according to cos(rmJcct)
term. In two-dimensional ZFJSSE, replacing the 1/2 intervals with n (t1/2), the coupling
evolution takes place according to cos(rmJccntl). While performing Fourier transformation
along indirect dimension, ‘n’ would become a weighting factor on Jcc, as t1 only depends
on spectral width along indirect dimension. By choosing appropriate ‘n’, the multiplets can
be clearly resolved by ‘n’ times along indirect dimension of a two-dimensional spin-echo.
The above described J-scaled pulse sequence is applicable for simple systems, where spin-
spin interactions commute. On the other hand, for spin-spin interactions those do not
commute with each other, as in the case of complex multi-clustered spin systems with
multiplicity patterns along the indirect dimensions, a different strategy is required to
overcome the difficulty. In this regard, the Hadamard encoded z-filtered J-scaled spin-echo
(HEZFJSSE) pulse sequence is developed by replacing the conventional refocusing pulses
of ZFJSSE with the Hadamard encoded pulses.

a) . b) .»
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Figure 4: Schematics representations of a) 2D Z-filtered J-scaled spin-echo and b)

| 2
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Hadamard encoded Z-filtered J-scaled spin-echo pulse sequences.
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Initially the pulse sequence ZFJSSE that allows the measurement of homo-nuclear
spin-spin couplings is employed for a simple system, **C,-Glycine. The data is collected at
two different J-scaling factors 1 (no-scaling) and 4 (Fig). The measured splitting values
along the indirect dimension (F1) at scaling factors 1 and 4 are 52.2Hz and 210.5 Hz,
respectively, and the average of the normalized (52.2/1 and 210.5/4 Hz) values, i.e., 52.24
Hz is found to be in good agreement with the value measured in solution-state *Jcc (53.6

Hz). ‘
| 2) w1 b)

0 160 140 120 100 80 60 40 180 180 140 120 100 &0 o

Figure 5: Comparison of 2D Z-filtered spin-echo NMR spectra of **C,-Glycine without and

with scaling factor of 4 is shown in a) and b), respectively.

However, the same 2D ZFJSSE experiment could not completely resolve the
multiplicity pattern along indirect dimensions of clustered spin-systems, even for 4 times J-
scaling factor. On the other hand, by incorporating the Hadamard encoding, the pulse
sequence HEZFJSSSE has greatly simplified the spectrum, resulting in a well-resolved
spin-spin coupling patterns. All the Jcc values of are measured with the aid of Hadamard
selection in Z-filtered J-scaled spin-echo, are found to be in good agreement with those
measured in solution-state as well as in 2D pseudo Hadamard multiple selective refocusing

schemes.

C) Two dimensional J-scaled Hadamard encoded DQFCOSY SSNMR: Accurate
measurement of Jcc from uniformly labelled and natural abundant clustered spin

systems

Herein, a new J-Scaled Hadamard Encoded Double Quantum Filtered COrrelation

SpectroscopY (JSHEDQFCOSY) methodology is presented for accurate measurement of

Vi
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selective spin-spin couplings from the uniformly labelled molecules. Later the same
methodology has been extended to natural abundant spin-systems.

The J-scaled double quantum filtered COSY (JSDQFCOSY) pulse sequence
comprised of J-scaling has been designed by replacing the initial two t/2 constant times of
DQFCOSY with ‘n’ times of tl. Herein, data points along the indirect dimension are
collected with ‘2n+1’ times of dwell time, but the data is processed with only dwell time
(1/SW1, SW1 along the indirect dimension is constant), which, results in a weighting factor
of 2n+1 for Jcc. The concept of J-scaling for solids has already been demonstrated in the
previous section.

The J-scaled Hadamard encoded double quantum filtered COSY (JSHEDQCOSY)
pulse sequence has been designed by replacing the hard = pulse of JSDQCOSY pulse
sequence with the soft Hadamard encoded phase-ramped simultaneous refocusing pulses,
for selected spins of known assignments. Hence, the commutation property can be recreated
between interested spins during this selective refocusing, and scaling factors are applied as
desired.
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Figure 6: Schematics of a) 2D J-scaled double quantum filtered COSY and b) Hadamard

encoded 2D J-scaled double quantum filtered COSY pulse sequences.

JSDQFCOSY and JSHEDQFCOSY experiments have been demonstrated on
uniformly labelled unnatural peptido mimetic foldamer building blocks *Cs-FSAA and
3C4-SA molecules. Moreover, experiments are repeated for resolving the crowded
resonances in *Cg L-Histidine.HCI, two polymorphs of *Cs L-Lysine.2HCI and natural

abundant 1-Adamantanol, which allowed the measurement of Jcc for different spin-pairs.
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Figure 7: Comparison of J-Scaled DQFCOSY spectra of *Cs L-Histidine.HCI and 1-
Adamantanol recorded at 21 and 11 times scaling factors, respectively: The JSDQFCOSY
(@) and the corresponding JSHEDQFCOSY spectra of C1-C4-C5-C6 selective spin
combination of L-Histidine. The *C-*C JSHEDQFCOSY spectra of different spin pairs of
natural abundant 1-Adamantanol at 11 times scaling factor, (c) and (d) are the experiments

recorded for C2-C3 and C3-C4 spin pairs, respectively.

D) Inter-nuclear Distance Measurements by using Hadamard Assisted Spin-Echoes and

Rotational Resonance Echoes in Uniformly Labelled Molecules

Selective spin-echo experiments have been developed for the measurement of
Homonuclear dipolar couplings as well, at fixed Off-Magic Angle Sample Spinning
(OMAS).! The earlier reported selective spin-echo experiments at off-magic angle are
limited only for the measurement of distances up to 2.2A; which is perhaps due to the
dominant monotonic exponential decay of spin-echo modulation. Subsequently, a new
spinning angle encoded (up to 4A) and a DQ based (up to 6A) pulse sequences have been
developed for long range homonuclear distance measurements. Nevertheless, while the
spinning angle encoding technique requires a special type of probe design, the DQ-based

experiment demands a long time of spectral acquisition. Whereas, the present part the thesis
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deals with the demonstration of the measurement of long range distances by using OMAS
approach for uniformly labelled molecules. While the experiments conducted at MAS
yields Jcc values, the same experiment at OMAS resulted in JcctDec, from which the
corresponding Dcc and hence inter-nuclear distance are estimated. Furthermore, the utility
of long range Jcc facilitates to measure the long range distances at OMAS SSNMR.
Conversely, OMAS destroys the *C resolution of all the resonances of spectrum even at a

small angle away from the MAS.
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Figure 8: (a) X-Ray Crystal structure of FSAA and (b) correlation between distances
derived from X-Ray and OMAS SSNMR.

On the other hand, a new Hadamard encoded double frequency selective zero
guantum echo pulse sequence is demonstrated for selective Homonuclear dipolar coupling
measurements from clustered solid spin systems. Herein, dipolar couplings between
interested spin pairs are reintroduced by setting the spinning speed equal to the chemical
shift difference of two spins (Rotational Resonance).”! In this situation, spectral resolution
may not be a problem; since, the data has been collected at MAS only. The distances thus
obtained in both cases have shown excellent correlation with those determined from X-ray

crystal structures.
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E) Selective Refocused Uniform Cross-peak Signed Double Quantum Filtered
Correlation Spectroscopy (SRUC2QF COSY) of solids: Minimize the experimental times

and improves sensitivity even at the lower spinning speeds

The chemical shift assignments of solid-state materials are established either by
through bonds or through space correlation experiments. In fact, the cross-peak intensities
in a spin-diffusion experiment are sensitive to the local dynamics of a considered fragment
in a molecule or molecule itself. Different versions of through-bond correlated experiments
have been developed over the years, such as, TOCSY, refocused-INADEQUATE, UC2QF
COSY, CTUC COSY and SAR COSY, to identify the chemical shift correlations. Among
these methods, TOCSY in solid-state NMR is analogous to its routine solution-state,
however, the required isotropic Hamiltonian mixing at the magic angle spinning is achieved
by rotor synchronized pulses, and these are suitably designed through the utilization of
symmetry principles. Conversely, the isotropic mixing method heats up the RF coils and
sensitive to the pulse imperfections. Alternatively, refocused-INADEQUATE with
enhanced transverse relaxation times during the refocusing periods is known, which |,
however, has lower sensitivity compared to the two dimensional double quantum COSY
(DQFCOSY). Further enhanced relaxation times by converting the faster decay double

guantum signal into a single quantum signal is an advantage with the DQFCOSY.

The present SRUC2QF COSY scheme deals with the reconstruction of spinning
side-band free spectra of organic solids with improved sensitivity. The sensitivity has been
enhanced by recording the SRUC2QF COSY spectra either for the directly bonded spin-
pairs or a long-range spin pair of uniformly labelled molecule in a small number of indirect
dwell increments, which minimizes the significant experimental times. The SRUC2QF
COSY spectra are acquired in a wide range of sample spinning frequencies and processed
by using covariance method.!®! Even at very low spinning speeds, the spinning side-band
free spectra are obtained. Furthermore, the experimental strategy has been extended for the

multiple selective refocusing modes, as well.
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Figure 10: Comparison of conventional 2D FT UC2QF COSY (a) and 2D Covariance
processed followed by co-added SRUC2QF COSY (b) NMR spectra of *Cg L-
Histidine.HCI. The individual spin-pairs are selected and processed by covariance method.

The spectra are recorded at 4.2 kHz.

I1. Method developments for resolution enhancement and precise

estimation of structural parameters in solution-state

A) Development of Real-time Homonuclear broadband and band-selective decoupled
pure-shift ROESY in solution-state

Unambiguous spectral assignments in *H solution-state NMR are central, for
accurate structural elucidation of complex molecules, which is often hampered by signal
overlap, primarily due to scalar coupling multiplets, even at typical high magnetic fields.
The recent advances in homodecoupling methods have shown powerful means of achieving
high resolution pure-shift 'H NMR spectra by effectively collapsing the multiplet
structures.”? The present part of the thesis describes two new pure-shift ROESY pulse
schemes homodecoupled broadband (HOBB)-ROESY and band-selective (HOBS)-
ROESY. The advanced real-time decoupling during acquisition saves experimental time
significantly.  Furthermore, the adopted ROESY blocks suppress the undesired
interferences of TOCSY cross-peaks and other off-sets as well. The HOBB-ROESY is
particularly useful for molecules that exhibit extensive scalar coupling network spread over

the entire *H chemical shift range, such as natural/synthetic organic molecules. On the
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other hand, the HOBS-ROESY is useful for molecules that exhibit well-separated chemical
shift regions such as peptides (NH, Ha and side-chain protons). These two techniques are
complimentary to each other and their combined application, wherever necessary, would
provide a comprehensive approach for structural characterizations. The power of these
pure-shift ROESY sequences is demonstrated for two different organic molecules, wherein
complex conventional ROE cross-peaks are greatly simplified with high resolution and
sensitivity. The enhanced resolution allows deriving possibly more number of ROEs with
better accuracy, thereby facilitating superior means of structural characterization of

medium-size molecules.

ROESY is specifically required for the analysis of mid-size molecules (wtc~1,
NOEs are close to zero or weak at typical high magnetic fields) such as Erythromycin-A
and ASAS, which however is also impeded by the TOCSY and offset interferences. The
very purpose of the pure-shift ROESY experiments and the accurate estimations of the

cross-peak integrals reinstate the elimination of these artefacts as well.
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Figure 11: Real-time pure-shift ROESY pulse sequences with Homonuclear Broadband
decoupling (HOBB) and Homonuclear Band selective (HOBS) decoupling in the direct

acquisition dimension.

The Figure 12 shows the expanded regions of regular ROESY (~1 hour/ 8 scans/
256 increments), HOBB-ROESY (~15 hours/ 96 scans/ 256 increments) and HOBS-
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ROESY (~1 hour for each region / 8 scans/ 256 increments) for the Erythromycin-A. For
example, the H11->H4 ROE that is important to determine the conformation of the
macrolide lactone ring is severely overlapped with H14 in the regular ROESY (Figure
12.a). On the other hand, a dramatic increase in the resolution has been obtained with
HOBB-ROESY (Figure 12.b) and HOBS-ROESY (Figure 12.c).

All the spectra are free from the undesired TOCSY and offset interferences. It can
be seen that, expect for the signals those are scalarly coupled within the selected band, the
HOBS-ROESY spectra are identical to those of HOBB-ROESY, in terms of enhanced-

resolution.

Conventional ROESY HOBB-ROESY HOBS-ROESY
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Figure 12: Comparison of expanded regions of conventional, HOBB and HOBS-ROESY
spectra of Erythromycin-A (50mM in CDClj; solvent), recorded at 700 MHz magnetic field
with 300 ms of mixing time.

B) Development of real-time pure-shift adiabatic z-filtered NMR methodologies:

Application to spin-echo and constant time in-phase COSY

The "Jun scalar coupling information and *H chemical shift assignments of spin
resonances is necessary for structural elucidation of small/medium organic molecules or
large bio-macromolecules, which can be recorded from the conventional two-dimensional
spin-echo ("Juy) and COSY ("Juy and chemical shift assignments) NMR methods,
respectively. However, as discussed in the earlier section, the spectral resolution of highly
abundant 'H spin-echo and COSY NMR spectra are limited to ~10 ppm and further
hampered by *H-'H scalar couplings. To overcome these problems, the real-time HOBB
pure-shift methods are added to the adiabatic z-filtered spin-echo (HOBBZF-SE) and fully
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in-phase adiabatic z-filtered COSY (HOBBIPZF-COSY) pulse sequences, which facilitate
the unambiguous scalar coupling and chemical shift assignments, respectively. These pulse

schemes are successfully demonstrated for Erythromycin-A

Figure 13 depicts the pulse sequence used for two-dimensional real-time
homodecoupled broadband adiabatic z-filtered spin-echo, which operate in an instantaneous
mode (no additional pseudo dimensions are required) and provide simplified spectra with

enhanced resolution along with the coupling information.
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Real time HOBB z-filtered spin-echo
Figure 13: Schematic diagram of real-time adiabatic z-filtered spin-echo pulse sequence
with  Homonuclear Broadband decoupling (HOBB) decoupling during the direct

acquisition dimension.

The Figure 14 shows the expanded regions of conventional adiabatic z-filtered spin-
echo and HOBBZFSE for the Erythromycin-A. The crowded methyl region recorded by
using conventional spin-echo, (Figure. 14a) is dramatically simplified by HOBBZFSE.
Clear singlets along the direct dimension and nice doublets are observed along the indirect
dimension are observed (Figure. 14b).

a 1 | Me b . . -
Luw lM&J\J\AAJL Figure 14: Comparison of expanded region of

%?9 "M@Mg R 00 "~ 2D conventional spin-echo (a) and 2D
I (6} é'“ | 0 “ . o HOBBZF-SE (b) spectra of Erythromycin-A
éé Mﬁm &é (| 00 I g (50mM in CDClI; solvent).

Conclusions

The present thesis focuses on the development of novel NMR spectral
simplification methodologies in both solid and solution-state, for enhanced resolution.
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Accordingly, the Hadamard encoded selective refocusing schemes for solid-state NMR
spectroscopy are reported and are employed for the first time for fully *3C-labelled solids.
These techniques are helpful for observing the desirable structural information viz., scalar
couplings and dipolar couplings and spin-spin correlations. In the solution-state NMR real-
time pure-shift SE, COSY, ROESY and NOESY methodologies are developed, which
employ broadband (HOBB) and band-selective (HOBS) decoupling during the acquisition
dimensions. Particularly, the pulse schemes are superior to the recently reported pseudo
acquisition type homodecoupling schemes. The developed solid and solution-state NMR
methods are highly useful for unambiguous assignments of chemical shifts and estimations
of inter-nuclear distances, and may attract significant applications in structural elucidations

of small/medium natural and synthetic organic molecules.
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I.1. Solid-state NMR Spectroscopy

High resolution solution-state NMR spectroscopy has become an important part of
structural chemistry and biology. The recent advances in solid-state NMR (SSNMR)
theory, applications and hardware have enhanced the power of NMR spectroscopy to
address the complex structural problems. For example, SSNMR has been proved as an

21 insoluble

indispensible tool for structural elucidation of membrane proteins,™
biomolecules such as amyliod fibrils ® * and inorganic materials.®) Nevertheless, there is
immense need and scope for accomplishing spectral simplifications and resolution in solid-

state NMR, and the present thesis focuses on these aspects.

Figure 1.1: Cartoon representation of molecular structures: (a) membrane proteins, (b)
amyloid fibrils and (c) aluminium silicates.

In solution-state, the rapid tumbling of molecules average all the valuable angular
and anisotropic structural parameters viz., dipolar couplings, chemical shift anisotropy
(CSA) and quadrupolar interactions to zero. However, such isotropic motion is absent in
solid-state, thus anisotropic structural parameters are sustained. This rich information is
somewhat easily accessible in crystalline solids, whereas in the powdered samples, it is
severely obscured due to many crystalline orientations that result in complex spectra with

very broad lines.
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In addition to CSA, a major contribution to the line broadening in solids originates
from homonuclear (*H-'H) and hetereonuclear (*H-X; X="3C, *°F etc.) dipolar couplings.
The line broadening can be reduced to a large extent by using the radio frequency (multi-
pulse sequence, high power decoupling) as well as mechanically (Magic Angle Spinning)
driven spatial averaging methods. The combination of these two methods facilitates to
minimize both anisotropic and dipolar interactions to a large extent, which results in a high

resolution spectrum in solids.

1.2. Spin Interactions in Solids

1.2.1. Spin Hamiltonian

The Hamiltonian (H) of a nuclear spin system in a large static magnetic field is
represented as a sum of two terms called, He: (external spin Hamiltonian) and Hiy (internal

spin Hamiltonian). !
H = Hext + Hint

The Hamiltonian, Hey is the sum of the contributions from external static magnetic
field (HZ) and radio frequency (Hgg); whereas Hiy is the sum of the dominant and regular
intrinsic contributions such as chemical shift (Hcs), dipole-dipole (Hpp) and the

quadrupolar Hamiltonian (Hg) interactions.
Hext = Hz+Hgre
Hint = HestHpp+Hq
The rapid tumbling in solution-state leads to Hpp and Hq average to zero,
the total spin Hamiltonian can be written as

H = Hz+Hget+Hcs+HpptHq
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1.2.2. The Chemical Shift and Chemical Shift Anisotropy

The chemical shift information is principally an intra-molecular interaction, which
represents the indirect magnetic interaction of external magnetic field on the nuclear spins

through the contribution of electrons.

The applied external magnetic field (B,) induces a current of electrons, which

induced
B;

produces the small magnetic fields is known as induced field, , and it is a vectorial

quantity. The size of the induced magnetic field is much smaller than B, and can either be

added or be subtracted from B,.
The resultant local magnetic field can be written as
leoc =B, + Bjinduced
B;""*! |inearly depends on the B, and can be written as
B = §;.B,
where §; is the shielding tensor.

When a static magnetic field is applied along z-axis, the above equation can be

rewritten in matrix form as shown below

induced j
Bj e o)

) xz 0
induced | _ J
B;, =\ &z | BO
B;nduced 5 Jj 4]
1Yy zzZ
induced j
Bf.x 6xz Bo
induced | _ J
B],y = 6yz Bo
induced i
Bj,y 6;2 Bo

where 8, B, is the induced field along the x-axis.

The chemical shift Hamiltonian is a scalar product of magnetic momentum as well

as the induced magnetic field and it can be written as below.

CS _ _ p.induced
Hi™ =- . Bj

where pj = yhl
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Therefore

HOS; = —;8,(©)B%lix — 7842(©)B Ly — ;012(®)Bl;;
where, ® is the angle of atomic frame with respect to the external magnetic field.
Thus the chemical shift Hamiltonian and their values depend up on ©.

For example, the resonance frequency of carbonyl is about 160 ppm with respect to
isotropic TMS, which depends upon the orientation of the C=0 bond vector. Within the
crystal lattice, all the atoms orient in the same direction and the chemical shift of atomic
nuclei under observation can be changed by rotating the sample. However, in powdered or
poly-crystalline samples, the orientations of local units are highly discrete with respect to
the magnetic field, and result in a broad peak consists of an envelope of peaks, which are

originated from all the orientations of the local crystallites.

(b)
Powder

% /\ Spectrum

Separate m
Peaks

Figure 1.2: Effect of orientation of solid with respect to the magnetic field on chemical shift
values in (a) a single crystal and (b) a powder molecules.

1.2.3. Dipole — Dipole interaction

The nuclear spins act as tiny magnets and the through space interaction between the
magnetic nuclear spins is known as dipolar or dipole-dipole (DD) coupling, which is
mutual and non-zero for solids. The DD coupling can be either inter or intramolecular. The

full form of the direct DD interaction between spins I and I, can be written as
H"%j = by(3(1; - i) (I - &) — 1y - 1)

where ej is the unit vector and by is the dipolar coupling constant
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. KoYjYjkh
bjk = ——L—2—

3
81 ri]-

Yj, Yk are the gyro-magnetic ratios of the two nuclei and r is the inter-nuclear distance.

~B°

N

7

Figure 1.3: Cartoon representation of dipole-dipole coupling between spins j and k: the
unit vector ej connects the spins j and k, and the @y is the angle made by the ej with the
direction of the external magnetic field Bo.

1.2.4. Secular Dipolar Coupling

In a sample, the total dipolar interaction experienced by a nuclear spin can be

written as
DD, full _ k-1 ;DD,full
H =Yk X Hy,

The secular part of the dipolar coupling (dipole-dipole interaction is time
independent in the presence of large external magnetic fields) depends upon the orientation

of the spins Ij and I in a sample.
In the case of homonuclear interaction
H"Pik (O3%) = dik (3 iz ke — 1 -1¥)
where, dj is the secular DD coupling and is given as
dik = (%) bjk (3c0s°O -1)
In the case of heteronuclear interaction

HP (@) = dix 2 1z Ik
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1.2.5. J-Coupling

J-coupling or scalar coupling is an indirect interaction between the nuclear spin pair
through the bonding electrons. If two spins I; and I, are separated by a small number of
bonds, the full form of J-coupling interaction may be written as

ijJ' full 27 |j. ij. Ik

where Ji¢ is the scalar coupling between spins 1, lx, which can be expressed as a 3 x 3

matrix (tensor of rank 2).

In the case of isotropic liquids, all the off-diagonal elements of the matrix average
to zero and diagonal elements alone remain. The average of three diagonal elements is

equal to the isotropic J-coupling (J;*°").

The J-couplings and chemical shifts are field independent. The J-coupling values
are almost positive for the homonuclear spin-1/2 pairs separated by one-bond and negative
for spins with opposite gyromagnetic ratios. However, for long range scalar couplings, the

sign could either be positive or be negative depending upon the molecular geometry.

For example, *3C spin pairs, the observed scalar coupling values vary with the bond
order and hybridization involved. The maximum observed scalar coupling value is ~150 Hz
for triple bonded carbons and ~30Hz for single bonded carbons. Furthermore, in solid
systems the anisotropic part of scalar coupling can be ignored due to its small magnitude,
when compared to the direct dipolar couplings. While the measurements of J-couplings in
solution-state are somewhat straight forward, the task is non-trivial in the case of solid-

state, even at a high magic angle spinning (MAS).

1.3. Experimental Techniques

1.3.1. Magic Angle Spinning (MAS)

Experimentally, the line-broadening in solid-state NMR can be minimized by
spinning the sample at an orientation of 54.74° (magic angle) with respect to Bo.' ™ At
sufficiently high spinning speeds above the DD/CSA line width, all the dipolar and CSA

interactions average to zero and only the isotropic chemical shift values are retained. The
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recent developments of solid-state NMR probe designs allow to spin the samples up to

~110 kHz.[*

As the spinning frequency increases, additional peaks appear at the frequencies
equal to the integer multiples of spinning frequency. These additional peaks are known as
spinning side-bands (Figure 1.4). These side-band patterns can be suppressed by either
spinning the sample at higher speeds or RF driven TOSS methods (if the

experiment/sample demands lower spinning speeds). ™!

a)

.ul”lnh l !

Vernoedtideds s
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Figure 1.4: Comparison of *C CP-MAS spectra of natural abundant Glycine recorded at a
spinning frequency, wr/2z of (a) 1.5 kHz, (b) 5.0 kHz and (c) 10.0 kHz on a 94 T
spectrometer using a proton decoupling power of 82 kHz.
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Figure 1.5: Pictorial representation of macroscopic sample rotating at an angle with
respect to the applied static magnetic field B°, where Bpr, Sr and fp. are the angles
between the internuclear vector and the rotor axis, the rotor axis and the magnetic field
and the magnetic field and the inter nuclear vector, respectively.

In general, the anisotropic structural parameter CSA and dipolar couplings are
directly proportional to (3cos? Bp.-1). The rapid isotropic molecular tumbling in solution
averages this numeric to zero, resulting in sharp lines. It implies that such isotropic
averaging in solid samples can also be achieved at <3cos® Bp-1> = 0, which can be

expressed as
<3c0s? BpL-1> = (1/2) (3c0s? Prr-1) (3c0s? Bpr-1)

The angular parameter Bpr takes all the orientations in powdered samples. Hence
<3cos? Bpr-1> does not averages to zero. However, by rotating the sample at 54.74° (magic
angle) with respect to the external magnetic field, Pr.can be averaged out to zero.

Therefore, at MAS
(3c0s® Pri-1) = 0
= <3c0s% Pp-1> =0

which result in the spectra with well resolved lines.

1.3.2. Cross Polarization

The sensitivity of rare spins (S) with low gyromagnetic ratios (*C and **N) can be
enhanced by transferring the magnetization from the abundant spins (I) with a high

gyromagnetic ratio (*H), this phenomenon is called as cross-polarization, which involves
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dipolar contact between heteronuclear spins.** 1 This is analogous to the transferring of
heat from a high temperature object to a low temperature object. In homonuclear spins, the
magnetization exchanges by mutual energy-conserving spin flip-flops. Whereas, in
heteronuclear spins the flip-flopping does not allow the energy conservation and it must be

established by the application of appropriate radio frequency pulses.

The Hartmann-Hahn matching condition ™ allows establishing the dipolar contact
between rare spin (S) and abundant spins (). According to the Hartmann-Hahn condition,
when two independent RF pulses specifically to the resonance frequencies | and S spins are
simultaneously applied and their nutation frequencies are equal, then the dipolar contact is

established between the I and S spins in the rotating frame.
Accordingly, vi Bl =7ys B¢

where, y, and vys are the gyromagnetic ratios of | and S spins, the corresponding spin-lock
fields are B';f and B>y

/2

L
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Figure 1.6: Schematic of representation of basic cross polarization pulse sequence with
heteronuclear decoupling.

1.3.3. Decoupling

Enhancement of spectral resolution can be achieved by minimizing the *H-mediated
dipolar interactions by applying decoupling pulses on 'H-channel, while observing X-
nuclei (say *3C). The continuous application of *H RF pulses to remove the effect of dipolar
couplings in the solid-state is known as CW-decoupling, ™% The calculated dipolar
coupling between **C and *H is equal to ~30 kHz per 1A separation. As the *H mediated

heteronuclear dipolar couplings are strong, higher decoupling powers as well as super
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cycled decoupling schemes (TPPM, 2 SPINAL, 2 and XIX [??)) are required to suppress
the dipolar effects in solid-state NMR. In the present thesis, only SPINAL-64 (Small Phase
Incremental Alternation with 64 steps) scheme has been employed, *®! which is a more
efficient technique than the other TPPM and XIX schemes. The SPINAL-64 is super cycled

with an 8 composite pulses, which are 8-step phase incremented.
SPINAL-64 =QQ’Q’Q Q’QQQ’
Where,
Q = 165(10°) 165(-10°) 165(15°) 165(-15°) 165(20°) 165(-20°) 165(15°) 165(-15°) and
Q’ = 165(-10°) 165(10°) 165(-15°) 165(15°) 165(-20°) 165(20°) 165(-15°) 165(15°)

The number 165 and the value in the parenthesis represent the pulse width and the

phase shift of decoupling pulses, respectively.

1.3.4. Re-coupling

The rapid spinning of the solid sample at MAS averages all the important structural
restraints viz., dipolar couplings and Chemical Shift Anisotropy (CSA). These parameters,
which carry rich structural information can be reintroduced in a controlled manner by using
different pulse schemes embedded with = pulses placed at half of the rotor periods
(REDOR, " RFDR %)),

Alternatively, the residual dipolar couplings can also be reintroduced by spinning
the sample at Off-Magic Angle (OMAS),"?® 2 which is a small offset with respect to the
magic angle (54.74°). This OMAS approach makes the averaging of the DD interactions
incomplete, thereby allows residual dipolar interactions to sustain. However, as DD
interaction (line-broadening) is very sensitive to the OMAS angle, the spectral resolution is
of main concern for the homonuclear OMAS experiments. The recent development of

[29]

double quantum filters ?® and spinning angle encoding methods *°! permit to measure the

distances up to ~4A°.

Rotational Resonance (RR)®% is an another type of re-coupling scheme. In this

method the dipolar couplings are reintroduced by matching the spinning speed equal to the
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chemical shift difference of the interested spin pairs. However, these methods demand

significant chemical shift differences between spins of interest.

I.4. The spin-echo modulation and spin-spin couplings

A versatile tool for estimating scalar and dipolar couplings

Scalar spin-spin couplings (J) serve as powerful structural probes in NMR
spectroscopy to map through-bond atomic connectivities and to gain insight into the local
conformation as well as configuration of molecules. The measurement of J-couplings in
solution-state is often straightforward from one-dimensional (1D) spectra due to the
intrinsic  resolution. Thus, the readily measurable scalar couplings serve as
important/central structural inputs for deriving H-C-C-H/H-C-N-H torsion angles from the
Karplus equation®! as well as useful for the chemical shift assignments from bond
correlation experiments. Whereas, they are obscured in solid-state samples due to the
dominant dipolar and CSA line broadening, even under magic angle spinning (MAS). The
effect of J-coupling in spin-echoes are well known and extensively studied in solution-state
multi-dimensional NMR spectroscopy and explained by using the product operator
formalism (POP). % The J-resolved 2D-correlation techniques developed earlier allow

measuring the J-multiplets in J-resolved dimension.®*!

1.4.1. Spin-echo modulations in isotropic solutions

The J-coupling interaction between the two spin % IS system is associated with

sixteen product operator terms, which are comprised of four operators for each individual

spin I and S.
1 E Sy Sy S,
%E E Sy Sy S,
Ix Ix 2 14Sy 2 LSy 2 IS,
ly ly 2 1,Sy 2 1,Sy 21,S;
I, I, 2 1,5« 21,Sy 2 1,S;

11
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Z Z
I, L
il . "N = . "
oy oy
X X
Z Z Z
21,8, 218, 218,
~ \\ ~ \ ~ \\
7y Yy 7y
X X X

The resultant product operator in spin-echo pulse sequence can be written as
I+ S, 2050218012 - (1 +S)) cos (nJ¢7) + (21,S,+21,S,) sin (m/,7)
It indicates that under spin-echo, only the J couplings evolve at a frequency of %

ndist.  The Fourier transform of the modulation directly yields the corresponding J-

coupling.

COS (nJg1)

First Zero Crossing at 1/4 J_
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1.4.2. Spin-echo modulations in solids

In solid-state NMR, in addition to the J-coupling, spins experience comparatively
large anisotropic CSA and dipolar couplings. Moreover, they may vary with the sample
spinning. Hence, it is difficult to monitor the behaviour of the spin in spin-echo
modulations in the solid-state. However, the recent strategic developments B4 in solid-state
MAS NMR techniques, have aptly exploited the modulating effect of J-couplings on spin-
echoes for precise measurement of hetero ! and homonuclear *®! J-couplings and further

extended for dipolar couplings * in dilute spin systems.

For example, in homonuclear spin systems, the experimental approaches enable the
detection and accurate quantification of N-H--N hydrogen bond mediated (**N-*N) (?Jnn)
couplings in nucleic acids,” bond-order specific *C-*C (*Jcc) couplings for a series of
selectively *3C-labelled samples of retinal chromosphere in rhodopsin 2% and 2Js;.0.si (*°Si-

0-2si) couplings of layered silicates,** have added further impetus to this approach.

(1) In inorganic solids, the dipolar interactions between the low y dilute spins are weak and

the analysis is mostly based on the measurements of scalar couplings, such as "Jsi.o.si and

"Jp-0-p
a) @ b)
L
— ®g ]
Si1 | ‘ Ei
* Slzﬁ
Si2 J Sia\
4 ¢ g
b . —
A ‘SB h‘ = ;b
8 o i @si+ c
@& o

Figure 1.7: Molecular structures of inorganic materials: (a) para wollastonite and (b)
pseudo wollastonite.

(i) In synthetic Nucleotide bases and assemblies, hydrogen bond mediated "Jy.n couplings

are helpful for identifying the bond connectivities and their strengths.

Hydrogen bond strength oc "Jn.n
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NJ\V

Figure 1.8: (a) Formation of quartet and ribbon like structures characterised by (a) N2—H-
--N7 and (b) N1-H---N7 intermolecular hydrogen-bonding patterns, respectively.

(iii) *Jc.c scalar couplings are useful in calculating the bond orders in organic molecules

-C=C-YJcc ~ 70 Hz (sp?-sp? hybridization)
=C-C- Jcc ~ 50 Hz  (sp®-sp® hybridization)
-C-C-YJcc ~ 35 Hz  (sp®-sp® hybridization)

75

70

65

60

J-coupling /Hz

55

50

Ce=C10 C10-C11  Cn=C12 C12-C13 C13=C14  C14-C15
1 .
ie pair

Figure 1.9: Filled circles with error bars: “Jcc values for the six rhodopsin isotopomers
and their confidence limits. The inset shows the numbering scheme of the 11-Z-retinylidene
chromophore. Diamonds and solid line: **C-**C J-couplings for all-E N-tert-butyl
retinylidene imine triflate in solution. Open squares and dashed line: **C-*C J-couplings
for all-E retinal in solid. 8

Conventional spin-echo and double selective spin-echo (two frequency-selective
pulses for a specific spin-pair) modulation methods are useful for measuring homonuclear
scalar couplings, which demand either a set of double selective *3C, labelled molecules or
the experiments to be repeated for each spin pair of the molecule. To overcome these
difficulties, new Hadamard NMR schemes are demonstrated in the thesis, which facilitate
the simultaneous measurement of scalar couplings between multiple spin pairs in a single

experiment.

14
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1.5. Hadamard NMR

In solution-state NMR, the application of Hadamard matrices for data acquisition
and data processing have been widely explored.” The Hadamard matrices in NMR are
associated with the several significances such as water suppression, artefact free spectra
and the sensitivities are somewhat greater than that of the routine FT-NMR. With the help
of Hadamard NMR approach, the data can be acquired in a very short period of time, up to
hundreds of times less than that of a routine FT data collection. However, these interesting

experimental strategies are sparsely explored in solid-state NMR.[** 4]

Conventionally, Hadamard NMR methods have been used for stochastic irradiation
with a pseudo-random binary sequence of radiofrequency pulses, in order to achieve
broadband excitation with a relatively low radiofrequency power.® %1 These are
intrinsically time-domain measurements that used the Hadamard transform to derive free
induction decays, and necessarily required Fourier transformation before a spectrum could
be recorded. The entire range of NMR frequencies is excited in an essentially uniform
manner. On the contrary, Ray Freeman and Ericks Kupce have developed a Hadamard
method, which replaces the usual evolution period of two-dimensional spectroscopy with
direct excitation in the frequency domain. Fourier transformation only employed in the F2
dimension, where the rate of data gathering is already near optimum.

The data acquired in the routine multidimensional Fourier transformation NMR
operates by recording the FIDs at integer multiples of the dwell times. Thus, the resolution
is directly proportional to the number of data points collected along the indirect dimensions.
However, the prior knowledge of chemical shift values is mandatory to perform the
Hadamard encoding in NMR. The data is collected along the indirect dimension by setting
multiple radio frequency channels at the resonances of interest. Thus, it may not require
more number of dwell increments along the indirect dimension. Although, Hadamard
processing demands that the number of channels along the indirect dimension must be

equal to the number of dwelling increments.

Hadamard matrices are the square matrices (Hz, and Hy") with the elements of either
(+) or (-). The general form of a Hadamard matrix of 4x4 size is given below. The rows and

columns in the Hadamard matrix can be treated as scans and radio frequency channels,
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respectively. While acquiring the data, it stores as explained here; in first scan, all the
frequencies of the spectrum are in positive sign, from the second scan onwards some of
them are in positive sign and others in negative sign, the same procedure continues till the
last scan. Furthermore, while processing the data by Hadamard matrices, the rows undergo
the algebraic addition, which results in only one column at every step of processing. Thus,

the signals that are of choice can only be easily acquired with the help of Hadamard NMR.

wo [+ + + +
H4x4 = ) r + ) )

Scan (3) + . + -

Scan (4) i + - - + |

1.5.1. Hadamard encoded selective spin-echoes in Solid-state NMR

In the present thesis, the first application of Hadamard encoding during the
refocusing periods (evolution time of a multi-dimensional method) of spin-echoes are
discussed and employed for an accurate and simultaneous measurement of homonuclear
scalar couplings in multi-spin system. A set of free induction decays for pre-selected spins
by Hadamard encoding, are recorded. By creating spin-spin commutation between
interested spin pairs, J-coupling between the corresponding spins is computed from their
echo-modulations. The simultaneous application of narrow band as well as low power
Hadamard refocusing pulses facilitates the simultaneous measurement of scalar couplings

in a single NMR experiment for the uniformly labelled spin systems.

Schematic representation of Hadamard selective refocusing pulse sequence is
shown in Figure 1.10. Hadamard encoding permits refocusing of “n” number of resonances
with the aid of “n” number of simultaneous phase ramped soft Gaussian shaped 7 pulses,
which generate the spectrum with “n” resonances (polychromatic). The selection of all the
Hadamard resonances results in a complete spectrum that is equivalent to the conventional
1D FT-NMR spectrum. However, the power of Hadamard NMR lies with its ability to

select specific resonances to be encoded/ decoded. Accordingly, the complexity/spectral

16



Introduction Chapter-I

overlapping can be reduced. Furthermore, a prior knowledge of the through-bond
connectivity allows to selectively encode/decode multiple resonance pairs that are scalarly
coupled, would facilitate precise determination of the corresponding J-couplings, in a
single experiment, just by following their spin-echo modulations. The essential
requirements in Hadamard encoding are the number of scans and number of channels to be

greater than or equal to the number of frequencies to be refocused.

I{/Z a) -

H Ci et /l)\)
/N\
C o e u
n
\ C2 CR L S ey ,C3 ,C2 4C1

“"
“" C3 =

“" “

d)

c)

Cn

Figure 1.10: Schematic representation of Hadamard encoded NMR pulse sequence: (a)
Hadamard encoded spin-echo pulse sequence with simultaneous phase ramped 7 pulses for
selective refocusing, (b) molecule with ‘n’ number of spins, (c) refocused NMR spectra for
individual spins and (d) sum of all the spectra yields a spectrum, which is equivalent to the
routine FT NMR spectrum with ‘n’ resonances.

1.6. Real-time pure-shift solution-state NMR spectroscopy

Unambiguous assignments of chemical shifts, establishment of through-bond (or
dihedral angles) and through-space connectivities are central for accurate molecular
structural characterizations. Solution-state *H NMR in principle carries this abundant
structural information, which, however, often obscured due to the limited *H chemical shift

range and poor signal resolution caused by overlapping ‘H-'H scalar coupling (J)
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multiplets. The problem is more acute for molecules in which the nuclei are involved in
multiple scalar couplings. Homo-decoupling, as a means of suppressing scalar interactions
for enhanced spectral resolution, has been recognized for several years and different
experimental schemes.>>"1 Most of these methods (non pulsed field gradient type) are
conceptually important but lack sufficient sensitivity and/or involve complicated
processing. On the other hand, isotope filtered bilinear rotational decoupling (BIRD)
schemes are developed for impressive broadband decoupling. %! Nevertheless, the
decoupling is restricted to protons attached only to the **C atoms, therefore also suffer from
poor sensitivity due to the ~1% natural abundance of *C, but eliminates problems due to
strong couplings, pseudo dimension acquisitions,®™ and also advantageous for obtaining
fully decoupled HSQC. Y

Alternatively, in their seminal experimental strategy, Zangger and Sterk™® have
demonstrated an effective broadband homodecoupling, known as ZS-decoupling, which
relies on a combination of a soft and a hard 180° pulse in the presence of weak slice-
selective z-gradient pulse. The technique offers spatially resolved (according to the slice
thickness) excitation followed by the selective decoupling, which has been genesis for
several significant developments of ZS-based ‘pure-shift’ multi-dimensional NMR

(52671 However, unfortunately, these elegant ZS-methods demand long

experiments.
experimental time due to two limitations viz., (i) very low sensitivity (typically only few
percent of that obtained in conventional non-decoupled spectrum) as the signal originates
only from a spatially encoded thin slice and (ii) require time-consuming additional pseudo

2D/3D mode data acquisition for 1D/2D spectra, respectively.

Recently, in a remarkable advancement of this method, Zangger etal., have
demonstrated instantaneous (real-time) homonuclear broadband (HOBB) decoupling in 1D
as well as in the direct detection dimension of TOCSY, by periodically interrupting the FID
with ZS-decoupling block.®® This smart approach eliminates the pseudo dimension
acquisition and therefore greatly cuts down the long experimental time of the conventional
ZS-pure-shift experiments, although the sensitivities are still limited due to the involvement
of slice selection. However, in favourable cases, such as excess sample concentrations, a
combination of largely available cryogenically cooled probes and faster acquisition

[69]

methods, loss in the sensitivity can be minimized. Subsequently, Parella and co-
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workers have improvised the ZS-based instant-HOBB decoupling method for full sensitive
and instantaneous homodecoupled band selective (HOBS) acquisition, which involves
selective decoupling pulses for the region of interest, and applied for TOCSY, HSQC and
HSQMBC."% ™ As this strategy does not involve slice selection, the dramatic enhancement

of resolution, comparable to that of regular non-decoupled spectrum, is possible.

a) b)

B —
¢) d)
)| — |©
\\_,
Conventional Homodecoupled

Figure 1.11: Schematic representation of resolution enhancement: The conventional 1D
and 2D spectra with crowded resonances are depicted in (a) and (c), respectively. The
corresponding pure-shift homodecoupled spectra are shown in (b) and (d).

Adopting the impressive real-time homodecoupling strategies, new pure-shift based
real time HOBS (Homonuclear Band Selective)-ROESY/ HOBB (Homonuclear Broad
Band)-ROESY, HOBB-spin-echo, and HOBB-COSY pulse sequences are developed in the
present work (chapter-VIlI and VIII) and a significant enhancement in resolution is
accomplished.
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11.1. Introduction

The inherent line-broadening of resonance lines is a major concern in the solid-state
NMR, which obscures the measurement of scalar couplings. In uniformly isotope labelled
multi-spin systems, the dipolar network is strong and the spin-spin interactions do not
commute to each other, which makes the measurement of these couplings difficult, and
practically impossible in some cases. Cadars etal.,™ have introduced a novel spin-echo
pulse sequence comprised of double frequency selective pulses to selectively refocuse the
desired pair of resonances. The modulation of these spin-echo amplitudes (at the magic
angle spinning) with respect to the echo time facilitate the corresponding scalar coupling
values.'®  However, this method suffers with the following disadvantages, viz., (i)
experiment needs to repeat for every spin pair in the molecule, which is cumbersome and
time consuming and (ii) needs to determine the resonance offset exactly at the centre of the
interested resonances. The problem would be more acute in the cases of multiple spin
labelled systems such as in biomolecular solids. Whereas, the conventional spin-echo is
straightforward in the cases of dilute spin systems, such as molecules with only two
distinctly labelled spin pairs available. To triumph over these problems, Hadamard
encoded multiple selective spin-echo pulse sequences are developed in the present chapter
and demonstrated for the simultaneous measurement of multiple scalar couplings in

uniformly labelled molecules.

11.1.1. Basic frequency domain Hadamard NMR spectroscopy

In their seminal reports, Kupce and Freeman have introduced frequency domain
solution-state Hadamard NMR spectroscopy in one and multi-dimensionst**! that revealed
attractive features over the conventional Fourier transform NMR spectroscopy, such as,
exclusion of undesired spectral regions/data-sampling and significant reduction in
experimental time. The central theme of this intriguing frequency domain approach relies
on direct multiplex excitation of selected resonances in either direct or indirect dimension,
by an array of soft pulses (instead of a hard pulse) that are encoded according to Hadamard

matrix of dimension nXn, where ‘n’ is the number of frequency channels. The effective
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frequency of each pulse is an offset from the carrier and the frequency channels/selections
need not be equally spaced or continuous. The simultaneous multichannel excitation
results in composite NMR signals in the receiver, which are decoded according to the
corresponding Hadamard matrix. The Hadamard NMR technique has been successfully

[14]

applied to diffusion studies***®! and imaging. However, the frequency domain

Hadamard encoded/decoded NMR spectroscopy has been sparsely explored in the solid-

state.[>17]

11.1.2. Hadamard encoded/decoded refocusing

Figure 11.4 and 11.18 describe the Hadamard encoded spin-echo schemes employed
in the present study. The frequency encoding/decoding for refocusing is analogous to the
excitation/decoding approach as discussed above. Accordingly, the conventional initial
non-selective hard pulse excites all the resonances simultaneously, while the selectivity is
achieved during the refocusing. Herein, the conventional refocusing m pulse in a spin-echo
sequence is replaced by a polychromatric pulse comprised of several simultaneous selective
pulses of different frequencies encoded according to the Hadamard matrix. The Hadamard
matrices are the order of 4n, where n is an integer. For instance, in the case of Histidine,
six resonances need to be encoded in the *C-spectra and the nearest hardmard matrix is of
dimension 8. In this application, the six frequencies are chosen to match the known

chemical shifts of Histidine and the remaining two frequencies are set dummy.

11.2. Materials

Hadamard encoded selective spin-echo experiments are performed on a set of
uniformly labelled molecules (Figure 11.1): (1) **Cs L-Histidine.HCI purchased from CIL,
(2) an unnatural amino acid, *3Cs- Furanoid cis--Sugar-Amino Acid (FSAA), synthesized
from *3Ce-Glucose as a starting material and (3) A dimer, *Cg-SA comprised of **Cs-FSAA
and Cs-L-Alannine. The synthetic route for natural abundant FSAA is known;™® and

B3Cg-SA achieved by using routine peptide coupling protocols. The solid-state NMR
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experiments are conducted on 1:5 mixtures of isotopic labelled molecules as well as natural
abundant compounds to minimize the intermolecular dipolar interactions. The mixtures are

tightly filled in 4 mm Zirconia rotors.

Figure 11.1: °C labelled compounds studied in the present chapter: (a) *Cs-FSAA, (b)
13 foti A 13 : : 13 13

Cs L-Histidine.HCI and (c) “°Cg-SA dimer synthesized from “~°Cs-FSAA and ~Cj; L-
Alanine as building blocks. Numbering is given only for the isotopic labelled carbons.

11.3. Experiments

All the SSNMR experiments are conducted on Varian Unity Inova 400 MHz
spectrometer equipped with 4mm chemagnetics solid-state NMR probe, spinning speed is
controlled by Varian automated MAS control unit at 8 kHz for 13C, L-Histidine.HCI, 10
kHz for **Cs-FSAA and **Cg-SA dimer. The optimized 90" pulse widths for **C and *H are
3.0 and 3.2ps, respectively. The recycle delay is 3s. The transverse magnetization is created
by using ramped cross polarization from *H to **C at the contact time of 5 ms. During the
pulsing and acquisition periods, the SPINAL-64 decoupling is applied at 83 KHz nutation
frequency. An 8-step phase cycling is employed on *3C channel, +1 (2 steps) on ni/2 pulse

and £1 (4 steps) on 7 pulse. Total 32 scans are acquired for each data set.

Shaped pulses are analyzed with the 'Pbox' option invoked in VNMRJ2.2D
software. In the present study, Gaussian shaped pulses of length 4.5 ms are used for
simultaneous refocusing of interested spins and the corresponding time shift correctiont™
value is 1.08 ms, which is equal to the shaped pulse width at 76.69%. The resultant
refocused bandwidths are equal to 200Hz. The t/2 values are incremented as the integer

multiples of rotor periods. Figure 11.2 represents the conventional 1D CPMAS *3C spectra,
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which lacks the information about scalar couplings, due to the dominant line-broading

mediated by residual dipolar interactions.
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Figure 11.2: 3C CPMAS spectra: (a) **Cs-FSAA, (b) **Ce-Histidine.HCI and (c) **Cg-SA
dimer molecules.

Initially, DQ-SQ INADEQUATE experiments are carried out to assign the **C
chemical shifts of *Cs-FSAA monomer and **Cg-SA dimer molecules (Figure 11.3). Herein,
the SPC5"% composite pulse block facilitates the efficient DQ magnetization transfer.

However, for *Cg-Histidine.HCI molecule, the assignments are already known.!
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Figure 11.3: SPC5 INADEQUATE spectra of unnatural amino acids: (a) *Cs-FSAA and
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(b) °Cg-SA. Dashed arrows represent the directly bonded carbon atoms.

Table 11.1: *C Chemical shifts of *Cs-FSAA and **Cg-SA molecules.

Spin 13Cs-FSAA chemical | *Cg-SA chemical
C1 167.0 168.3
C2 77.9 79.9
C3 57.3 56.8
C4 83.7 85.5
C5 104.9 105.7
C6 --- 172.4
C7 --- 47.9
C8 --- 15.9

I1. 4. Results and Discussions

Chapter-lI

11.4.1. Hadamard encoded spin-echo experiments in double frequency selective

refocusing mode

As discussed in the previous sections, conventionally the earlier reports pertaining
to frequency selective spin-manipulations or selective scalar coupling measurements were
limited only to two frequencies. Herein, as a proof of concept and its versatility, the

Hadamard encoded selective refocusing has been demonstrated initially for doubly
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selective frequencies, by encoding only one spin pair in each experiment and compared the
results with those of conventional double frequency selective (soft Gaussian shaped
pulses) experiments. Subsequently, the Hadamard-based strategy has been extended to
multiple spin pairs by simultaneous application of desired number of Hadamard encoded
pulses (for each selected frequency/chemical shift) in a single experiment. The integrated
spin-echoes are plotted against the spin-echo time (te,) and fitted to a theoretical expression

(1), by using Levenberg-Marquardt iteration algorithm.
S (1) oc €08 {mJ (Tev-Tsh)} €XP (-Tev /T2)) > (1)

Where T’ is the empirical parameter, te, and ¢, are the spin-echo evolution time and the

time shift correction of the shaped pulses, respectively.
/2

[ cp SPINAL-64

Bc| cp .
7/2 /2
A

Figure I1.4: Schematic representation of Hadamard encoded selective spin-echo pulse
sequence in double frequency refocusing mode.

The scalar coupling measurements are carried out at the magic angle. The magic
angle adjustment ("°Br FID) has been tested further by the spin-echo modulation of *C,
Glycine (Figure 11.5), which yielded a 55.5 Hz of J-coupling (comparable to its value in
solution-state, 53.6Hz).

1.01e

Figure 11.5: Spin-echo modulation of *C,-Glycine
at the magic angle, yielded *Jcc ~ 55 Hz, which is
comparable to its value in solution-state (53.6 Hz).
Black filled circles and gray solid line depict the
experimental data and the best fit to the equation
(1), respectively.

Spin-Echo Amplitude
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11.4.1.1. Hadamard encoded double frequency selective spin-echoes for different spin-
pairs in 1*Cs-FSAA

As a first example, Hadamard encoded selective spin-echoes have been
demonstrated in double frequency selective on **Cs-FSAA molecule and the selectivity of
spin pairs is impressive (Figure 11.6). Fourier transformation of C1-C2 Hadamard selective
spin-echo modulation has yielded a clear doublet (Figure 11.7), which is equivalent to the
LJcc of corresponding spin pair (~72Hz) in solution-state. The above described Hadamard
encoding and data processing have been repeated for the other spin pairs C1-C2, C2-C3,
C3-C4 and C4-C5 of *Cs-FSAA, and the corresponding computed values of *Jcc are given
in Table 11.2. In addition to these four *Jcc, a long range %Jcc is measured between C1 and

C5. The results are in good agreement with the solution-state "Jcc (Figure 11.10).
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Figure 11.6: Stacked *C-CPMAS and Hadamard encoded double selective refocuing
spectra for different spin-pairs of *Cs-FSAA at 72=0.
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Figure 11.7: Spin-echo modulation and its Fourier transformations: (a) spin-echo
modulation of spin C1 as a function of 7, while refocusing C1-C2 spin pair of *Cs-FSAA
and (b) the corresponding Fourier transformation yielded a clear doublet, which is
equivalent to the solution-state Yeico
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Figure 11.8: Hadamard encoded double frequency selective spin-echo modulations for
different spin pairs of **Cs-FSAA molecule: (a), (b), (c) and (d) corresponds to the C2-C3,
C3-C4, C4-C5 and C1-C5 spin-echo modulations. The experimental data and best fits to
the equation-1 are depicted in black circles and grey lines, respectively.
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Figure 11.9: Solution-state 3¢ spectrum of 13¢C.-FSAA dissolved in CDCl; solvent and the
expanded regions for each resonance showing the scalar multiplicity.

Table 11.2: Comparsion of "Jec derived from solid-state and solution-state NMR for

different spin pairs of 1*Cs-FSAA.

Spin-Pair Jcc derived from solid- Jcc derived from solution-
P state NMR [Hz] state NMR [Hz]
C1-C2 72.1 71.2
C2-C3 34.1 34.1
C3-C4 43.9 41.6
C4-C5 33.9 331
C1-C5 8.2 5.9
80—' T T T T
¥ 701 ]
£ 60 Figure 11.10: Correlation between "Jcc
® g ] | derived from solution-state and solid-
= ® state NMR for different spin-pairs of
» 407 13C5-FSAA molecule.
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11.4.1.2. Hadamard encoded double frequency selective spin-echoes for different spin

pairs in **Cg L-Histidine.HCI

Figure 11.11 depicts the staked Hadamard encoded refocusing spectra recorded
initially in double frequency selective mode for different spin pairs of **Cg L-Histidine.HCI
molecule. In Histidine.HCI molecule, total four selective 'Joc coupling constants are
measured between C1-C4, C4-C3, C3-C5 and C5-C6 spin pairs (Figure 11.12).
Furthermore, Hadamard encoded selective spin-echo modulations for the long-range spin
pairs such as C1-C2 and C2-C4 are also recorded and the corresponding spin-echo
modulations resemble the pure exponential decays. The results are in good agreement with

the solution-state "Jcc (Figure 11.13).

s
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Figure 11. 11: Stacked “*C-CPMAS and Hadamard encoded double selective refocuing
spectra for different spin-pairs of *3Cg L-Histidine.HCI at #/2=0.
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Figure 11.12: Hadamard encoded double selective spin-echo modulations for different spin
pairs of *Cg L-Histidine.HCI: (a), (b), (c) and (d) corresponds to the C1-C4, C4-C3, C3-
C5 and C5-C6 spin-echo modulations. The experimental data and best fits to the equation-
1 are shown in black circles and the grey line, respectively.

Table 11.3: Comparsion of "Jcc derived from solid-state and solution-state NMR for
different spin pairs of *Cg-Histidine.HCI.

Spin-Pair Jcc derived from solid- Jcc derived from so{go'%ion-
state NMR [Hz] state NMR [Hz]
C5-C6 57.0+0.4 59.8
C3-C5 32.0+£0.5 34.6
C3-C4 48.4+1.0 51.0
C4-C1 72.7+0.5 74.5
C1-C2 0.0 0.0
C2-C4 0.0 0.0

37




Hadamard-encoded selective spin-echoes... Chapter-lI

80 -
[ 2
60- ® : ] . n
® o Figure 11.13: Correlation between "Jcc
$ .. derived from solution-state and solid-state
2 o A NMR for different spin-pairs of *Cg L-
. AN Histidine. HCI molecule.
N Hoef8 !
+ Coz'
6
0 ] NH,
0 20 40 60 80

Jcc solution state

11.4.1.3. Hadamard encoded double frequency selective spin-echoes for different spin

pairs in *Cg-SA

Figure 11.14 represents the staked Hadamard encoded refocusing spectra recorded in
the double selective mode for different spin pairs of **Cg-SA molecule. In this molecule
also, with the support of a double selective refocusing mode, total six Jcc coupling
constants are measured between directly bonded carbons (Figure 11.15). No other long
range "Jcc is measured and the results are in good agreement with the *Jcc derived from the

solution-state NMR (Figure 11.17).
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Figure 11.14: Stacked *C-CPMAS and Hadamard encoded double selective refocuing
spectra for different spin-pairs of *Cg SA at #2=0.
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Figure 11.15: Hadamard encoded double selective spin-echo modulations for different spin
pairs of *Cg-SA: (a), (b), (c) and (d) corresponds to the C1-C2, C3-C4, C6-C7 and C7-C8
spin-echo modulations. The experimental data and best fits to the equation-1 are shown in
black circles and grey lines, respectively.
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Figure 11.16: Solution-state **C spectrum of **Cg-SA dissolved in CDCl; solvent and insets
are the expanded regions.

39



Hadamard-encoded selective spin-echoes...

Chapter-lI

Table 11.4: Comparsion of "Jcc derived from solid-state and solution-state NMR for
different spin pairs of *Cg-SA molecule.

Spin-Pair Jcc derived from solid- Jcc derived from solution-
P state NMR [Hz] state NMR [Hz]
C1l-Cc2 60.3 60.7
C2-C3 35.4 36.9
C3-C4 42 .4 42.6
C4-C5 34.7 33.3
C6-C7 61.6 62.0
C7-C8 41.4 34.8
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Figure 11.17: Correlation between "Jcc derived from solution-state and solid-state NMR
for different spin-pairs of *Cg-SA molecule.

11.4.2. Hadamard encoded multiple frequency selective spin-echoes for simultaneous

measurement of scalar couplings

In the previous section the concept of Hadamard NMR spectroscopy for measuring

the scalar couplings in solid-state has been demonstrated. However, the demonstrations

were limited only to the selection of two frequencies at-a-time, so that one spin-pair can

only be selected in each experiment. This is analogous to the conventional double

frequency selective refocusing experiments. Such experiments are repeated for each spin
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pair. Herein, Hadamard encoded refocusing strategy has been extended for the multiple
selective spin-echoes, thereby multiple number of scalar couplings are measured in a single
spin-echo experiment (directly bonded as well as long range) by creating commutation
spin-spin property between interested spin pairs.

n/2
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13¢| cp
a2 J T )

Figure 11.18: Schematic represenation of Hadamard encoded spin-echo pulse sequence in
multiple frequency selective refocusing mode.

Similar processing and fitting procedures as stated above, have been repeated for
the directly bonded spin pairs. However, for long range couplings, the normalized spin-
echo modulations with respect to the corresponding isolated spin-echo evolution (So) are
used for the analysis, which removes the dominant spin-spin relaxation part of the echo-
modualtion. This implies that the J-modulated signal amplitudes S are obtained in multiple
frequency selective refocusing modes, while the reference signal amplitudes So are
obtained for individual resonances (corresponding to the long-range spin-pair) in single

frequency selective refocusing mode.®
S oc cos (ndt) exp (To/7)
So oc exp (Tao/7)

S (1) = S/So o« cos (1) 2 (2)
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11.4.2.1. Hadamard encoded multiple frequency selective spin-echoes for different spin

combinations in *Cs-FSAA

As a first application, Hadamard encoded multiple selective refocusing experiments
have been demonstrated on **Cs-FSAA molecule and measured, two scalar couplings in a
single experiment. The spin combinations C1-C2-C3, C2-C3-C4, C3-C4-C5 and C1-C4-C5
are selected for the simultaneous refocusing (Figure 11.19). For the C1-C2-C3 spin
combination, C1, C2 and C3 spins are selectively refocused with the help of three
Hadamard encoded soft Gaussian & pulses. Herein, C2 is the common spin for both C1 and
C3. Thus, Jcacs and Jci-c2 are measured from the spin-echo modulations of C1 and C3,
respectively. The same procedure has been repeated for the other spin combinations C2-C3-
C4 and C3-C4-C5 also, except for C1-C4-C5 (Figure 11.20).

In the case of C1-C4-C5 selective spin combination, C5 is the common spin for
both C1 and C4. Thus, the long range *Jci.cs is measured by generating S/So modulation of
C1. About 50 ms of spin-echo evolution time is sufficient to measure the long range Jcc
(Figure 11.21) accurately. The measured *Jci.cs in solid-state is equal to 6.2 Hz and is in
well agreement with the solution-state value (5.9Hz). Whereas, the normal spin-echo
modulation demands the evolution time of 100 ms for the measurement of long range
(smaller) scalar couplings. Therefore, the double frequency selective spin-echo modulation
of 3Jc1.cs needs a longer duration of spin-echo evolution time to observe the clear the zero-
crossing and yielded the scalar coupling value of 8.4 Hz. On the other hand, the regular
spin-echo modulation for C4 has directly yielded the *Jcs.cs. Due to the maximum coupling
value, a clear zero crossing is observed at a short spin-echo evolution time itself. Thus, for
the directly bonded spins, it may not be required, collecting two sets of spin-echo

modulation data sets, S and So.
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Later Hadamard-encoded frequency selective refocusing pulse scheme is extended
for a four spin combination C1-C2-C4-C5. Herein, C1 is the common spin for both C2 and
C5. Thus, C2 and C4 spin-echo modulations are considered for the measurement of *Jci.c
and YJca.cs, respectively. All these measured scalar coupling values are in good aggrement

with those derived from the double frequency selective refocusing modes (Figure 11.22).
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Figure 11.19: Conventional full **C-CPMAS and Hadamard encoded multiple selective
refocusing spectra for different spin-pairs of *Cs FSAA at #/2=0.
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Figure 11.20: Comparison of spin-echo modulations for the different spin pairs of **Cs-
FSAA, which are recorded in Hadamard encoded multiple selective refocusing modes. The
spin-echo modulations of C1 (a) and C3 (b) have yielded the Jcico and YJcocs,
respectively, during the encoding of C1-C2-C3 spins. Similarly C2 (c) and C4 (d) spin-echo
modulations are resulted in Jco.cs and 1Jcs.cs scalar couplings, respectively, when
refocusing of C2-C3-C4 spins. Whereas, four spins C1-C2-C4-C4 are refocused and the
resultant C2 and C4 spin-echo modulations correspond to the Yeico and Yescs scalar
couplings.
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Figure 11.21: Spin-echo modulations of C1 in C1-C4-C5 (S, closed circles) spin-

combination and only the selection of C1 (So, open circles) (a). The S/So modulation of
C1 results in the pure J-modulation component (b).

Table 11.5: Comparsion between "Jcc derived from the solution-state and Hadamard
encoded multiple selective spin-echoes in the solid-state for different spin pairs of **Cs-

FSAA.
Spin pair and Scalar coupling Spin pair and Scalar coupling
Selected spin Solid-state Jcc Solid-state Jcc
combination Observed spin | (Solution-State | Observed spin | (Solution-State
Jcc) in Hz Jcc) in Hz
C1-C2-C3 C1 for Jcico 70.6 (71.2) C3 for "Jcocs 34.8 (34.1)
C2-C3-C4 C2 for YJco-cs 34.2 (34.1) C4 for "Jca.ca 44.0 (41.3)
C3-C4-C5 C3 for YJca.ca 43.9 (41.3) C5 for *Jcacs 33.0 (33.1)
C1-C2-C4-C5 C2 for YJeci.cz 70.0 (71.2) C4 for Ycacs 32.4 (33.1)
C1-C4-C5 C1 for “Jcics 6.2 (5.9) C4 for Jcscs 33.1(33.1)
75- @1
E. 60 x \'J)/Of:c‘o ’ Figure 11.22: Correlation between scalar couplings
2 4_0 derived from solution-state and Hadamard encoded
E 481 o multiple frequency selective refocusing modes
S 30, 2 (solid-state) for different spin pairs of *Cs-FSAA
£ molecules.
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11.4.2.2. Hadamard encoded multiple frequency selective spin-echoes for different spin

combinations in *Cg L-Histidine.HCI

Hadamard encoded multiple frequency selective refocusing experiments have been
repeated for different spin combinations of **Cg L-Histidine.HCI molecule and in a single
experiment two scalar couplings are measured (either one directly bonded + one long range
or two directly bonded). The spin combinations C1-C4-C3, C1-C2-C4, C3-C4-C5, C3-C5-
C6, C1-C4-C5-C6 and C2-C3-C5-C6 are selected for the multiple refocusing modes
(Figure 11.23). In the case of C1-C4-C3 spin combination C1, C4 and C3 spins are
selectively simultaneously refocused with the help of Hadamard encoded Gaussian
pulses, where C4 is the common spin for both C1 and C3. Thus, “Jca.cs and *Jci.cs are
measured from the spin-echo modulations of C3 and C1, respectively. The same procedure
has been repeated for the remaining three spin combinations such as C1-C2-C4, C4-C3-C5
and C3-C5-C6. Furthermore, in C1-C4-C5-C6 selective spin combination the C1, C4, C5
and C6 spins are selectively refocused with the help of four Hadmard encoded Gaussian =«
pulses. In this selection, no common spin is available, hence either the C1 or C4 spin-echo
modulations can be considered for the *Jci.ca. Similarly YJcs.cs is also measured (Figure
11.24).

However, in C2-C3-C5-C6 selective spin combination, C5 is the common spin for
C6 and C3, whereas C3 is the common spin for C2 and C5. Herein, 13cs.cs is measured
from the spin-echo modulation of C6. Furthermore, a long range 3Jco.cs is measured by
generating S/So modulation for C2. The individual S and So spin-echo modulations for C2
resemble pure exponential decays, whereas the S/So results in the J-modulation component
(Figure 11.25). The corresponding %Jco.cs (4.4 Hz) is in good agreement with 4.0 Hz,
reported recently®® (Figure 11.26).
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Figure 11.23: Convetnional full **C-CPMAS and the Hadamard encoded multiple selective
refocuing spectra for different spin-combinations of *Cg Histidine.HCI recorded at 7/2=0.
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Figure 11.24: Comparison of spin-echo modulations for different spin pairs of *Cg L-
Histidine.HCI, which are recorded in Hadamard encoded multiple selective refocusing
modes. By encoding the C1-C4-C3 spin combination for refocusing, the spin-echo
modulations C1 (a) and C3 (b) have yielded the Jci.cs and *Jca.cs, respectively. Similarly,
Ycsca () and Ycscs (d) are measured from the selection of C4-C3-C5 spin combination.
Whereas, four spins C1-C4-C5-C6 are refocused and the Jcs.cs and 'Jcics Scalar
couplings are measured from the corresponding spin-echo modulations C6 (e) and C4 (f).
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Figure 11.25: Hadamard encoded spin-echo modulations of C6 and C2 spins while
encoding the C2-C3-C5-C6 spin combination for refocusing. Herein, the spin-echo
modulation of C6 (a) has yielded the *Jcs.ce. Whereas, the spin-echo modulations are
compared for C2, when in the combined selection of C2-C3-C5-C6 (S, ¢) and for the
selection of C2 alone (So, 0) (b). The S/So modulation of C2 is resulted in the pure
frequency component, *Jco.c3 ().

Table 11.6: Comparsion of "Jcc derived from solution-state and Hadamard encoded
multiple selective spin-echoes in solid-state for different spin pairs of *Cg-Histidine.HCI.

Selected spin Spin pair and Scalar coupling Spin pair and Scalar coupling
combination Observed spin Solid-state Jec Observed spin Solid-state Jec
(solution-state Jcc) in (solution-state Jcc)
C1-C4-C3 C1 for Wcica 75.4 (74.5) C3 for Wescs 48.9 (51.0)
C1-C2-C4 C1 for Wcica 73.0 (74.5) C2 for cico 0.0 (0.0)
C3-C4-C5 C4 for Wesca 48.4(51.0) C5 for Wcscs 35.4 (34.6)
C3-C5-C6 C3 for Wcacs 33.4 (34.6) C6 for Jcs.co 56.8 (59.8)
C1-C4-C5-C6 C1 for Wcica 72.3 (74.5) C6 for 1)« 56.9 (59.8)
C2-C3-C5-C6 C6 for Wes.ce 55.2 (59.8) C2 for *Jepcs 4.4 (4.0)
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11.4.2.3. Hadamard encoded multiple frequency selective spin-echoes for different spin

combinations in 3Cg-SA

Hadamard encoded simultaneous multiple frequency selective refocusing
experiments have been repeated for different spin combinations (C1-C2-C3-C7-C8, C3-C4-
C5-C7-C8, C4-C5-C6-C7-C8 and C1-C2-C4-C5-C7-C8) of Cg-SA (Figure 11.27).
Furthermore, in a single experiment three scalar couplings are measured. For C1-C2-C4-
C5-C7-C8 spin combination, the corresponding six Hadamard encoded Gaussian shaped =
pulses are used for the selective refocusing of these resonances and there is no common
scalarly coupled spin is available. Therefore, *Jci.c is measured from either C1 or C2
spin-echo modulation, and the same procedure is repeated for the “Jcs.ca and *Jcr.cs

couplings as well (Figure 11.28).

Nevertheless, in the case of C1-C2-C3-C7-C8, total five spins are selectively
refocused with the five Hadamard encoded Gaussian pulses. Herein, C2 is the common spin
of C1 and C3. Therefore, C1 and C3 spin-echo modulations are considered for Jci.c, and
YJco.cs, respectively. The remaining *Jc7.cs is measured from either C7 or C8 spin-echo
modulations (Figure 11.28). The measured scalar couplings are in good agreement with

those derived from the double frequency selective refocusing modes (Figure 11.29).
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Figure 11.27: Convetnional full **C-CPMAS and the Hadamard encoded multiple selective

refocuing spectra for different spin combinations of **C8-SA recorded at 72=0.
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Figure 11.28: Hadamard encoded spin-echo modulations for different spin pairs of **Cg-
SA, which are recorded in multiple refocusing modes. By encoding the C1-C2-C4-C5-C7-
C8 spin combination, the spin-echo modulations for C1 (a), C4 (b) and C7 (c) have yeilded
the “Jci.ca, Yca-cs and *Jcr.cs, respectively.
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Table 11.7: Comparsion of "Jcc derived from solution-state and Hadamard encoded
multiple selective spin-echoes in the solid-state for different spin pairs of *Cg-SA

Spin pair and Scalar | Spin pair and Scalar | Spin pair and Scalar
coupling coupling coupling
Selected spin Solid-state Solid-state Solid-state
combination J J J
Obse.r ved (SoIL(I:tCion- Obsseirr\]/ed (Soluctﬁon- Obsseirr\]/ed (Soltj:t(;on-
spin state Jcc) in P state Jcc) in P state Jcc) in
Hz Hz Hz
C1-C2-C3- C1 for C3 for C8 for
61.4 (60.7 35.4 (36.9 42.0 (34.8
C7-C8 Neico (60.7) Neacs (36.9) cr.ce (34.8)
C3-C4-C5- C3 for C5 for C8 for
43.1 (42.6 35.6 (33.3 42.4 (34.8
Cr7-C8 Ycsca (42.6) Ycacs (33.3) Nercs (34.8)
C4-C5-C6- C5 for C6 for C8 for
35.0 (33.3 61.9 (61.7 415 (34.8
Cr7-C8 Ycacs (33.3) Ncecr (61.7) Nercs (34.8)
C1-C2-C4- C1 for C5 for C8 for
C5-C7-C8 e 61.5(60.7) | 1 Jescs 36.1(33.3) | 1 Jorcs 42.6 (34.8)
) 60 Y A e s Figure 11.29: Correlation between scalar couplings
® i /F’ ; derived from solution-state and Hadamard encoded
3 ’ 2 multiple frequency selective refocusing modes
2 3 e (solid-state) for different spin pairs of *Cg-SA
- molecule.
8 15
N
0 T T T T
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11.5. Conclusions

Chapter-11 introduces a conceptually different approach, Hadamard encoded
refocusing for measuring multiple *C-3C scalar couplings in solid-state has been
demonstrated for uniformly **C labelled spin systems in a single experiment. The novel
approach facilitates an efficient way to record multiple spin-spin scalar couplings and also
dipolar couplings (as shown in the chapter-v). Unlike the conventional methods, the
demonstarted technique does not require (1) the experiments to be repeated for each spin

pair present in the molecule, and (2) a set of specially synthesized **C, labelled molecules.
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Furthermore, the observed results are in well agreement with those obtained from solution-
state NMR. The same methodology has been extended to the two-dimensional NMR
experiments as well (shown in chapter-iii and iv), which can be extended to the 3D NMR
methods for refocusing the required selective resonance bands to edit the J-couplings

information.
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I11.1. Introduction

In chapter-1l, Hadamard encoded multiple selective spin-echo NMR methodologies
in pseudo two-dimensional mode have been demonstrated for the simultaneous
measurement of scalar couplings in uniformly labelled solids. The inconveniences
involved in such pseudo selective spin-echo NMR method are i) it necessitates that for each
spin-pair, the spin-echo integrations to be monitored as a function of evolution times and
(ii) the performance of the selective spin-echo experiments are limited, when the chemical-
shift resolution is poor. However, the pseudo two-dimensional method offers the basis for

the subsequent development for more complex cases.

The present chapter aims to overcome these disadvantages, by adopting a novel
combination of two-dimensional J-resolved solid-state NMR spectroscopy and Hadamard
encoded spin-echoes. As the resolution along the indirect dimension is not sufficient to
observe the well defined doublets, the adopted method features with J-scaling for enhanced
resolution.

The J-scaling methodologies are well known in solution-state NMR and useful for
the measurement of long-range scalar couplings in one, two-dimensional experiments.l*™”
However, J-scaling schemes are sparsely explored in solid-state NMR.®! The present
chapter deals with the development of two-dimensional spin-echo pulse sequences viz., (1)
Z-filtered J-scaled spin-echo (ZFJSSE) and (2) Hadamard encoded Z-filtered J-scaled
selective spin-echo (HEZFJSSSE) NMR experiments for accurate measurement of scalar

couplings in isotopic *3C labelled organic solids.

I11.2. Materials

The J-scaled methodologies are demonstrated for *C labelled molecules: Boc
protected unnatural 3-amino acid monomer, Furanoid cis-f-Sugar-Amino Acid (FSAA) and

dimer *3Cg-SA are shown in Figure I11.1.
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Figure 111.1: Schematic representation of molecular structures: (a) **C,-Glycine, (b) un-
natural *Cs-Furanoid cis-3-Sugar-Amino Acid (FSAA) and (c) **Cg-SA. Numbering has
been given only for the isotopic **C labelled carbons.

111.3. Theoretical Background

111.3.1. Conventional spin-echo pulse sequence

Spin-echo experiment (Figure 111.2) plays an important role for the suppression of
inhomogeneous line broadening during the refocusing period and facilitates the
measurement of J-couplings in the solid-state. The conventional pseudo 2D spin-echo
experiment demands recording the peak integration as a function of spin-echo evolution
time (Figure 111.3), which results in cancellation of anti-phase components (IS, and 1,Sy)

(Figure 111.3) of spin-echo modulation.

The spin-echo modulation terms for the homonuclear spins | and S may be written

as

L+ 8, 2082012, - (L+S)) cos (mJ57) + (21,S,+21,S)) sin (m/y7)

Thus, the modulation of a pseudo two-dimensional spin-echo is in the pure cosine

form (anti phase terms get cancelled).

/2

cp SPINAL-64

Figure I11.2: Schematic representation of basic spin-echo pulse sequence with cross-
polarization block.
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However, a two-dimensional spin-echo experiment requires automated amplitude
mode processing; thus the peak amplitude (both in-phase and anti-phase components
together) needs to be taken into the account for processing. In general, it is appropriate to
process the data in in-phase mode to measure the accurate Jec.

a) b) 1o fo,

m u“ lm} T - J!\

1 ............
| 0.00 0.01 0.02 003 004 005

t/sec

Figure 111.3: Spin-echo profile of *C,-Glycine as a function of 7 and its integrated spin-
echo modulations are shown in (a) and (b), respectively.

111.3.2. Z-filtered spin-echo pulse sequence (ZFSE)

Figure 111.4 depicts the conventional 2D Z-filtered pseudo spin-echo pulse sequence,
BT which results in complete in-phase as well as a pure cosine form of spin-echo modulation

and the resultant product operator can be written as

IZ + Sz 903&-‘1‘/2-180)'—‘1'/2-90}'-zf-90y> . (Iy+ S‘) coSs (TC JIST)

In two-dimensional version of ZFSE pulse sequence, spin-echo evolution takes
place only through in-phase (ly) term of magnetization, and it can simply be processed in
phase-sensitive mode (Figure 111.5). However, in the case of clustered spins, this approach
may suffer from the spectral crowding/ poor resolution that hampers the measurement of

Jcc from the multiplicity patterns.
/2

CP SPINAL-64

3c | CP
T/2 H 7/2

Figure 111.4: Schematic representation of two-dimensional Z-filtered spin-echo pulse
sequence with cross-polarization block.
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Figure 111.5: ZFSE of *3C,-Glycine recorded at 2 ms of z-filter time: (a) spin-echoes as a
function of rand (b) 2D ZFSE spectrum.

111.3.3. Z-Filtered J-Scaled Spin-Echo pulse sequence (ZFJSSE)

ZFJSSE is a new pulse sequence designed from ZFSE, herein t/2 intervals are
replaced with ‘n’ times of t1/2. In the case of normal Z-filtered spin-echo pulse sequence
(Figure 111.6), J-coupling evolution takes place according to the cos (nJcct) term. Whereas,
in two-dimensional ZFJSSE, by replacing the t/2 intervals with n(tl/2), the coupling
evolution takes place according to cos(ndccntl). While performing the Fourier
transformation along the indirect dimension, ‘n’ would become a weighting factor on the
Jee, since the t1 depends only on spectral width along the indirect dimension. By choosing
appropriate ‘n’; the multiplets can be clearly resolved by ‘n’ times along indirect dimension
of a two-dimensional spin-echo.

/2

H { CP SPINAL-64

T /2 w2

3c | CP \‘“‘ 2
n*t1/2 n*t1/2 T

IAAK
A
(v

[!
A
|

Figure 111.6: Schematic representation of two-dimensional Z-filtered J-scaled spin-echo
pulse sequence with cross-polarization block.
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111.3.4. Hadamard Encoded Z-Filtered J-Scaled Selective Spin-Echo pulse sequence
(HEZFJSSSE)

The above described J-scaled pulse sequence is applicable for the simple systems,
where, the spin-spin interactions commute. On the other hand, for spin-spin interactions
those do not commute with each other, as in the case of complex multi-clustered spin

systems, a different strategy is required to overcome this difficulty.

This chapter introduces a new pulse sequence, HEZFJSSSE, which is developed on
the basis of ZFJSSE. The Figure 111.7 describes the replacement of hard r pulses with the
phase ramped Hadamard encoded selective n pulses, which allow to recreate the
commutation property between interested spins and useful to measure the multiple selective

spin-spin couplings from two-dimensional NMR spectra.

/2

cp SPINAL-64

n/2 w2

I
3c | CP “\",.tZ
n*tl/2 n*tl/2 IR,

Figure 111.7: Schematic representation of two-dimensional Hadamard encoded Z-filtered
J-scaled spin-echo pulse sequence with cross-polarization.

111.4. Experiments

All the solid-state NMR experiments are performed on Varian Unity Inova 400
MHz spectrometer equipped with 4mm chemagnetics solid-state NMR probe at 10 kHz
sample spinning speed, and spinning speed is controlled by Varian automated MAS control
unit. The calibrated pulse widths for 3C and *H are 3.15us and 2.9us, respectively. During
the pulsing and acquisition, SPINAL-64 decoupling is employed. The J-scaled spin-echo
experiments are conducted at different scaling factors. Number of transients is 16. The
number of increments acquired along the indirect dimension is 64 for ZFSE and 32 for both
ZFJSSE and HEZFJSSSE experiments, respectively.
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111.5. Results and Discussion

In the following, the importance of Hadamard encoding combined with J-scaling in
accurate measurement of spin-spin couplings of multiple-spin systems, has been discussed,

and exemplified with specific spin-systems and pulse-sequences.

111.5.1. J-scaled spin-echo of *C,-Glycine

Initially the pulse sequence ZFJSSE that allows the measurement of homonuclear
spin-spin couplings is employed for a simple system, *3C,-Glycine to demonstrate the effect
of J-scaling. The Figure 111.8 depicts the comparison of ZFJSSE that recorded at two
different J-scaling factors 1 (no-scaling) and 4. The measured splitting values along the
indirect dimension (F1) at scaling factors 1 and 4 are 52.2Hz and 210.5 Hz, respectively,
and the average of the normalized (52.2/1 and 210.5/4 Hz) value, i.e., 52.2 Hz is found to
be in good agreement with the value measured in solution-state *Jcc (53.6 Hz). These
findings suggest that molecules like simple *3Cy- isotopic labelled do not require a J-
scaling. Furthermore, the Figure 111.9 examines the effect of indirect increments on the
spectral resolution; the expanded regions of Figure 111.9a, Figure 111.9b and Figure 111.9¢c
correspond to the data recorded in 32, 48 and 64 indirect dwelling increments, respectively.
In all the cases, the observed normalized Jcc are comparable, suggesting increments of 32

along the indirect dimension are sufficient.
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Figure 111.8: Comparison between the 2D Z-filtered spin-echo spectra of *C,-Glycine (a)
without and (b) with scaling factor of 4.
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Figure 111.9: Comparison of expanded 2D ZFJSSE spectra of **C,-glycine at four times
scaling: (a), (b) and (c) are recorded in 32, 48 and 64 increments along the indirect
dimension, respectively.

111.5.2. J-scaled spin-echo of **Cs-FSAA

On the other hand, the same 2D ZFJSSE experiment could not completely resolve
the multiplicity patterns along the indirect dimensions for **Cs-FSAA, even at 4 times of
the J-scaling factor (Figure 111.10a). The expected multiplicity patterns for 1S2 spin-systems
must be either doublet of doublets (if the coupling constants are different) or triplets (if the
coupling constants are comparable). The 2D ZFJSEE spectrum of **Cs-FSAA recorded at 4
times scaling factor is useful to measure the scalar couplings between C1-C2, C2-C3 and
C4-C5. Moreover, the observed multiplicity patterns for C3 and C4 spins are not well
resolved and still they are ambiguous. These findings indicate, that the ZFJSSE method
also does not allow the measurement of all the Jec couplings of **Cs-FSAA molecule;
which could be because of the dominant exponential damping (T.-relaxation) or

comparable Jcc couplings of other spins.

Alternatively, by incorporating the Hadamard encoding, the pulse sequence
HEZFJSSSE has impressively resulted in well resolved spin-spin coupling patterns. The
Figure 111.10b represents the HEZFJSSSE spectrum recorded at 4 times scaling factor for
the C1-C2-C4-C5 spin combination of *Cs-FSAA, which is achieved by using four
Hadamard encoded Gaussian shaped pulses for selective refocusing. Furthermore, the
observed coupling patterns for all the spins are found to be clear doublets. By deselecting
the spin C3 from the encoding, the commutation between the selected spins C1-C2 and C4-
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C5 is set, which allows the measurement of Jci-c2 and Jcs-cs coupling constants in a single
experiment. In another combination C1, C2, C3 and C4 spins are selectively refocused by
four Hadamard encoded = pulses, which yielded Jci.c2 and Jca-c3 coupling constants
(Figure 111.10c). All the Jcc values of **Cs-FSAA molecule that are measured with the aid
of Hadamard selection in Z-filtered J-scaled spin-echo, are found to be well in agreement
with the Jcc measured from solution-state NMR as well as from pseudo two-dimensional

Hadamard multiple selective refocusing schemes (Chapter-11) (Figure 111.11).
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Figure 111.10: Full and expanded regions of spin-echoes recorded at four times J-scaling
factor for different spin-combinations of '*Cs-FSAA: two-dimensional ZFJSSE (a),
HEZFJSSSE for the two spin combinations C1-C2-C4-C5 and C1-C2-C3-C4 are shown in
(b) and (c), respectively. The expanded regions are represented by carbon numbers and the
deselected carbons are highlighted with semi-transparent black filled circles.
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Table 111.1: Comparison of *Jcc derived from solution-state and different solid-state spin-
echo experimental methods for different spin-pairs of *Cs-FSAA molecule.

Jcc derived from different spin-echo experimental methods

Double ZEISSE HEZFJSSSE HEZFJSSSE
spin | Slective C1-C2-CA-C5 C1-C2-C3-C4
pin spin-
Pair | echoes | At4 At4 At4
(solution- | times | Normalized | times | Normalized | times | Normalized
state) scaling | value (Hz) | scaling | value (Hz) | scaling | value (Hz)
[Hz] (Hz) (Hz) (H2)
C1l- 72.1
Co (71.2) 279.0 69.8 289.0 72.3 288.0 72.0
C2- 34.1
C3 (34.1) 136.0 34.0 138.0 34.5 136.0 34.0
C3- 43.9
ca (41.6) Not resolved Not selected 180.0 45.0
C4- 33.9
c5 (33.1) 128.0 32.0 137.0 34.3 Not selected
75+ ® Pseudo Hadamard selective spin-echo o)
N ] © J-scaled 2D Hadamard selective spin-echo
T, 60 -
2
s ]
P 451
5 ¢
© 1 o>
2 30+ i O N }jci 2
o %/ e O
= ° k., °
o 191 Q4"
SN J
0 T T T T
0 15 30 45 60 75

J,. from solution-state [Hz]

Figure 111.11: Correlation between 13cc derived from solution-state and Hadamard
selective spin-echoes in solid-state (pseudo 2D and various two dimensional J-scaled
methodologies) for different spin-pairs of *Cs-FSAA molecule.
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111.5.3. J-scaled spin-echo of **Cg-SA

Analysis of 2D ZFJSSE spectrum of *3Cg-SA molecule (Figure 111.12a) is rather
complex compared that of *Cs-FSAA. Furthermore, without the use of Hadamard
selection for refocusing, the *Jcc between C1-C2 is measured from either C1 doublet or C2
doublet of doublets. Similarly, a doublet of C5 enables the measurement of Jcs.cs.
Moreover, the doublets of C6 and C8 result the remaining scalar couplings Jes-c7 and Jcz-cs,
too. Hence, all the 'Jcc are measured for *Cg-SA molecule in the ZFIJSSE experiment,

except Jes-ca coupling constant.

Alternatively, Figure I11.12b, Figure 111.12c and Figure 111.12d depict the Hadamard
encoded 2D ZFJSSSE spectra of different spin combinations of *Cg-SA, viz., C1-C2-C4-
C5-C6-C7, C2-C3-C7-C8 and C3-C4, respectively. At these selective combinations, all the
coupling patterns along indirect dimension resemble the clear doublets, which permit to
measure the accurate Jcc between C1-C2, C2-C3, C3-C4, C4-C5, C6-C7 and C7-C8. The
results are in well agreement with 13cc derived from the Hadamard selective spin-echoes
(Figure 111.13).
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Figure 111.12: Full and expanded regions of spin-echoes recorded at four times J-scaling
factor for the different spin-combinations of **Cg-SA: (a) usage of hard pulses. The
HEJZFSSSE spectra of interested spin combinations C1-C2-C4-C5-C6-C7, C2-C3-C7-C8
and C3-C4 are shown in (b), (c) and (d), respectively. The expanded regions are
represented by carbon numbers and the deselected carbons are highlighted with semi-
transparent black filled circles.
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Table 111.2: Comparison of *Jcc derived from solution-state and different solid-state spin-
echo experimental methods for different spin-pairs of *Cg-SA molecule.

1Jcc derived in different experimental spin-echo methods

Selective — HEZFJSSSE HEZFJSSSE HEZFJSSSE
Spi | spin- Cl'Cz'%"'?'C5'C6' C2-C3-C7-C8 C3-C4
N | echoes
Pair | (solution | At4 . At4 . At 4 . At4 .
- Normalize . Normalize . Normalize . Normalize
-state) times times times times
: d value : d value : d value - d value
[Hz] scalin (H2) scalin (H2) scalin (H2) scalin (H2)
g (Hz) g (Hz) g (Hz) g (Hz)
C1- 60.3
c2 (60.7) 232.0 58.0 240.0 60.0 Not selected Not selected
C2- 354
c3 (36.9) 143.0 35.8 Not selected 138.4 34.6 Not selected
C3- 42.4
ca (42.6) Not resolved Not selected Not selected 170.0 425
C4- 34.7
c5 (33.3) 131.6 32.9 135.6 33.9 Not selected Not selected
C6- 61.6
c7 (62.0) 244.0 61.0 246.0 61.5 Not selected Not selected
C7- 41.4
cs (34.8) 158.0 39.5 Not selected 161.6 40.4 Not selected
60 - ® Pseudo Hadamard selective spin-echo o
O J-scaled Hadamard selective spin-echo
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Figure 111.13: Correlation between *Jcc derived solution-state and Hadamard selective
spin-echoes (pseudo 2D and various two dimensional J-scaled methodologies) for different
spin-pairs of **Cg-SA molecule.
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111.6. Conclusion

In the present chapter-11l, new two-dimensional NMR experimental methods,
ZFJSSE and HEZFJSSSE, have been developed for the simultaneous and accurate
measurement of Jcc in uniformly labelled molecules. The superiority of Hadamard
encoded NMR experiments over the conventional methods and the versatility of J-scaling
in combination with Hadamard encoding, has been demonstrated. Furthermore, the same J-
scaled spin-echo pulse block can be extended to the DQFCOSY pulse sequences to
measure J-scaled scalar couplings by suppressing the natural abundant background signals

(discussed in chapter-vi).
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1VV.1. Introduction

DQF-COSY/INADEQUATE pulse sequences are useful for the chemical shift
assignments in solid-state NMR.M? Nevertheless, DQFCOSY variant with two refocusing
periods along with the z-filter (UC2QF-COSY),®! exhibits better sensitivity over the
refocused-INADEQUATE™ and also enhances the relaxation times by converting the faster
decay double quantum signal into a single quantum signal. While some other variants of
COSY schemes viz., CTUCH* ¥ and SAR-COSY'™! are known; however, the UC2QF-
COSY scheme is a versatile method in terms of implementation of J-scaling.”! In the light
of the proven advantages and superiority of the Hadamard encoded pulse schemes over the
conventional methods (chapter-11 and 1l1), the present chapter extends this strategy to
DQFCOSY based experiments in solid-state NMR.

The section-A of this chapter deals with the development of new J-Scaled
Hadamard Encoded Double Quantum  Filtered COrrelation  SpectroscopY
(JSHEDQFCOSY) methodologies, which facilitate the accurate measurement of selective
spin-spin scalar couplings in uniformly labelled molecules. Furthermore, the same
methodology has been extended to the measurement of scalar couplings for the different
polymorphs of L-Lysine.2HCI (section-B) and also to the natural abundant spin-systems

(section-C).

IV.2. Theoretical background

IV.2.1. UC2QF-COSY or DQF-COSY (Uniform-sign cross-peak double-quantum-

filtered correlation spectroscopy)

The UC2QF-COSY®™! technique (Figure IV.1) with two refocusing pulses and z-
filter allows the chemical shift assignments in the conventional manner. The data
acquisition and processing takes place as a function of dwelling increments (1/SW1, SW1

is the sweep width along the indirect F1dimension).
The spin-spin coupling evolution along the indirect dimension can be expressed as

S (1) o sin? (mdectl)
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where, Jec is the spin-spin coupling constant and t1 is the dwell time (1/SW1).
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Figure 1V.1: Schematic representation of UC2QF-COSY pulse sequence, where, 7 =1/4J
for optimum cross-peak intensities.

IV.2.2. JSDQFCOSY (J-Scaled Double Quantum Filtered Correlation SpectroscopY)
and JSHEDQFCOSY (J-Scaled Hadamard Encoded Double Quantum Filtered

Correlation SpectroscopY)

The JSDQFCOSY is an improvised version of the conventional DQFCOSY pulse
sequence (Figure 1V.2), wherein the J-scaling is introduced by replacing the initial two /2
constant times of DQFCOSY with ‘n’ times of tl. Thereby, the data points along the
indirect dimension are acquired according to the multiples of ‘2n+1’ dwell time, but the
data processing uses only the dwell time (1/SW1, SW1 along the indirect dimension is a
constant), which results in a weighting factor of ‘2n+1’ for Jcc. The concept of J-scaling

for solids has already been demonstrated in the previous chapter.
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Figure 1V.2: Schematic representation of JSDQFCOSY NMR pulse sequence, with (2n+1)
times of J-scaling factor.
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JSHEDQFCOSY pulse sequence (Figure 1V.3) designed by replacing the hard =

pulse of JSDQFCOSY with the Hadamard encoded simultaneous refocusing pulses.

TT/2
'H { CP SPINAL-64 SPINAL-64
- 2QF - Tt/2 Tt/2
. |
b eF e /\ m /\ W zf H\f\w. A
T AR
i ‘Mlutuv
2n tl T |

Figure 1V.3: Schematic representation of JSHEDQFCOSY with (2n+1) J-scaling factor.

IV.3. Experiments

The isotopic labelled compounds are spin diluted with the natural abundant
analogues in the ratio of 1:5 to minimize the intermolecular interactions. The DQFCOSY,
JSDQFCOSY and JSHEDQFCOSY experiments with desirable scaling factors are
conducted on Varian Unity Inova 400 MHz spectrometer equipped with 4mm chemagnetics
solid-state NMR probe at MAS of 10 kHz. The optimized pulse widths are 3.15us and
2.9us for 3C and 'H, respectively. During the pulsing and acquisition, the SPINAL-64
decoupling is employed. Total 64 and 512 transients are collected for the isotopic labelled

and the natural abundant spin systems, respectively.
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Section-A

IV.A.1l. Materials

The JSDQFCOSY and JSHEDQFCOSY methodologies are demonstrated on
uniformly isotopic **C labelled compounds (Figure 1V.A.1), (a) **C,-Glycine, (b) **C; L-
Alanine (2 mg) in a mixture of natural abundant Glycine and L-Lysine (60 mg), (c) *Cs-
FSAA monomer, (d) 2*Cg-SA dimer, and (e) *Cg L-Histidine.
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Figure IV.A.1: Molecules studied in the present chapter: (a) *3C,-Glycine, (b) **Cs-
Alanine, (c) *Cs-FSAA, (d) *Cs-SA and (e) *Cg L-Histidine.HCI, numbering is given only
for the isotopic labelled carbon atoms.

IV.A.2. Results and Discussions

IV.A.2.1. J-scaled DQF-COSY: *C,-Glycine

Figure IV.A.2 compares the conventional and J-scaled two-dimensional DQFCOSY
spectra of *C,-Glycine. The resolution of the cross-peaks of conventional DQFCOSY
(Figure 1VV.A.2a) is not sufficient to measure the important scalar couplings. Whereas, the
JSDQFCOSY spectrum (Figure 1VV.A.2b) recorded at 21 times J-scaling factor has yielded
well resolved doublets along the indirect dimensions, that enabled the doublet splitting
measurement of Jcc (normalized value 1155/21 =55 Hz), which is in good agreement with

the Jcc value measured in the solution-state (53.6Hz).
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The present example reveals that the isolated/independent IS spin systems do not
require any soft selective pulses for refocusing purpose, since the spin-spin interactions are
commuted. On the other hand, the measurement of scalar couplings for clustered spin-

systems (ISn) is rather difficult.
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Figure 1V.A.2: Comparison of 2D conventional (a) and J-scaled (b) DQFCOSY spectra of
13C,-Glycine. Clear doublets at scaling factor 21 are observed along the indirect dimension
permit to measure the scalar couplings directly.

IV.A.2.2. Hadamard encoded J-scaled DQF-COSY: mixture of 13¢,-Alanine and natural

abundant amino acids

This study is aimed at analyzing the specific labelled residues of very low
concentrations, in the presence of large amount of natural abundant amino acids. Such
complex mixtures are difficult to analyze by using conventional SSNMR methods, as they
exhibit resonances of natural abundant and isotopic labelled spins have comparable
intensity (Figure 1V.A.3). Furthermore, the signal overlappings resist to conduct the pseudo

2D selective spin-echo experiments.

13
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Figure IV.A.3: *C CPMAS spectrum of mixture of a natural abundant amino acids (60 mg
of Glycine and L-Lysine) and **Cs-Alanine (2 mg). Sample spinning:10 kHz and number of
scans:64.
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Figure 1V.A.4a shows the **C-*C DQFCOSY spectrum of **C5 L-Alanine, which is
simple and the double quantum filter suppresses the signals of natural abundant
contribution in the mixture. But, this method is not useful for the measurement of Jcc, as
the obscured signals are not resolved along the indirect dimension. These signals are
resolved by employing the JSDQFCOSY at 21 times scaling factor, which exhibit well-
resolved doublets along the indirect dimension (Figure IVV.A.4b). However, the C2 spin in
L-Alanine (IS2 spin system) has developed artefacts due to the combined coupling
modulations of spins along the indirect dimension. On the contrary, upon introducing
Hadamard encoding, JSHEDQFCOSY of C1-C2 (Figure 1V.A.4c) and C2-C3 (Figure
IV.A.4d) spin-pairs have yielded artefact free spectra and the normalized Jcc are well in

agreement with the solution-state Jcc.
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Figure 1V.A.4: 2D conventional (a) and J-scaled (b) DQFCOSY spectra of mixture of
natural abundant amino acids and 13Cg-AIanine recorded at 21 times scaling. The blocks
(c) and (d) are the JSSHEDQFCOSY spectra of C1-C2 and C2-C3 spin pairs of *Cs-
Alanine, respectively.
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IV.A.2.3. Hadamard encoded J-scaled DQF-COSY: =Cs-FSAA

One-bond and long-range couplings: **Cs-FSAA is rather a complex molecule
compared to '*C,-Glycine and *C; L-Alanine. The Figure IV.A.5a represents the
JSDQFCOSY spectrum recorded at 21 times scaling factor. Except Jci-c, and Jes-cs, the
rest of the spectrum exhibits ambiguous multiplicity patterns. However, the
JSHEDQFCOSY with 21 times J-scaling factor has yielded four resolved *Jcc couplings.
(Figure IV.A5c, IV.A5d and IV.A5e). In addition to these directly bonded scalar
couplings, a long range *Jcc is also measured (7.2 Hz) between C1-C5 at 41 times scaling
factor (Figure 1V.8f). The spin-spin commutation property is recreated between two pairs
by using Hadamard encoded selective refocusing pulses (C1-C2-C4-C5), which yielded

two Jcc couplings in a single experiment.
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Figure IV.A.5: Comparison of 2D conventional (a) and J-scaled (b) DQFCOSY spectra of
13Cs-FSAA recorded at 21 times J-scaling. The spin-combinations C1-C2-C4-C5, C2-C3
and C3-C4, which are selected for JSHEDQFCOSY experiment at the scaling factor 21 are
shown in (c), (d) and (e), respectively. The JSHEDQFCOSY of C1-C5 is selected for the
measurement of long range 3Jc1.cs at 41 times scaling factor (f).
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Table IV.A.1: Comparison of "Jcc derived from JSHEDQCOSY and 2D pseudo spin-echo
pulse sequences for different spin pairs of *Cs-FSAA.

A -
Normalized Jec derived
. . . Observed . from 2D
Spin-pair Scaling factor . coupling .
coupling (Hz) constant (Hz) pseudo spin-
echo (Hz)
Cl-Cc2 21 1520 72.4 72.1
C2-C3 21 749 35.6 34.1
C3-C4 21 890 42.4 43.9
C4-C5 21 748 35.6 33.9
C1-C5 41 327 8.0 8.2

IV.A.2.4. Hadamard encoded J-scaled DQF-COSY: *Cs-SA

For *3Cg-SA dimer molecule also, same procedure has been repeated at 17 times of
scaling factor. The accessibility of more number of spins in the present molecule allows to
measure, three Jec viz., C1-C2, C4-C5 and C6-C7 in a single experiment with the
application of six simultaneous Hadamard encoded phase ramped selective refocusing
pulses (Figure 1VV.A.6a). The Figure IV.A.6b shows the selective refocusing of C2-C3-C7-
C8, which permits to measure, two 13cc between C2-C3 and C7-C8, at the same scaling
factor value of 17 times. The normalized scalar couplings are in excellent agreement with

LJcc derived in Hadamard pseudo selective spin-echo experiments.
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Figure IV.A.6: JSHEDCOSY spectra of *Cg-SA at 17 times scaling factor. The spin-
combinations C1-C2-C4-C5-C6-C7, C2-C3-C7-C8 and C3-C4 are shown in (a), (b) and
(c), respectively.

Table IV.A.2: Comparison of "Jcc derived from JSHEDQCOSY and 2D pseudo spin-echo
pulse sequences for different spin pairs of *Cg-SA.

"Jec derived

. . . Observed Norma!lzed from 2D
Spin-pair Scaling factor i coupling .
coupling (Hz) constant (H2) pseudo spin-

echo (Hz)
C1-C2 17 1054 62.0 62.0
C2-C3 17 590 34.7 35.1
C3-C4 17 701 41.2 42.4
C4-C5 17 566 33.3 34.8
C6-C7 17 1020 60.0 60.7
C7-C8 17 716 42.1 41.3
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IV.A.2.5. Hadamard encoded J-scaled DQF-COSY: *3C L-Histidine.2HCI

The Figure IV.A.7a describes the JSDQFCOSY NMR spectrum of *Cg L-
Histidine.HCI at 21 times scaling. Herein, the observed artefacts resist to measure the scalar
couplings, which is due to the problem in spin-spin commutation. Thus, the studies have
been extended to JSHEDQFCOSY experiments, which facilitate measuring the selective
scalar couplings between interested spins (Figure IV.A.7b, Figure IV.A.7c and Figure
IV.A.7d). A total four *Jcc selective scalar couplings are measured in three individual
experiments. The normalized values of scalar couplings are in good agreement with scalar
couplings derived from the solution-state as well as from the solid-state Hadamard encoded

selective refocusing schemes.

Table IV.A.3: Comparison of "Jcc derived from JSHEDQCOSY and 2D pseudo spin-echo
pulse sequences for different spin pairs of “*Ce-L-Histidine.HCI.

A -
Normalized Jec derived
. . . Observed . from 2D
Spin-pair Scaling factor i coupling .
coupling (Hz) constant (Hz) pseudo spin-
echo (Hz)
C5-C6 21 1137 54.1 57.0
C3-C5 21 718 34.2 32.0
C3-C4 21 1102 52.5 48.4
C4-C1 21 1482 70.6 72.7
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Figure 1V.A.7: Comparison of J-Scaled DQFCOSY spectra of *C¢ L-Histidine.HCI at 21
times scaling factor: (a) JSDQFCOSY. On the other hand, the selective spin-combinations
C1-C4-C5-C6, C3-C4, C3-C5 are shown in (b), (c) and (d), respectively.
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Section-B

The present section-B deals with the exemplification of J-scaled Hadamard encoded
DQFCOSY experiments to measure the selective scalar couplings for two polymorphs of
13Ce L-Lysine.2HCI.

1VV.B.1. Results and Discussions

Figure 1V.B.1 shows the *C CPMAS NMR spectrum of ¥Cs L-Lysine.2HCI
recorded at 10 kHz sample spinning speed, which has only six carbons. However, *C
CPMAS spectrum shows total 12 lines. This is an unexpected behaviour and may be due to
the plausibility of two dominant polymorphs for L-Lysine.2HCI molecule. Furthermore,
DQFCOSY (Figure 1V.B.2) facilitates the chemical shift assignments for all the 12

resonances of two polymorphs (Table IV.B.1).
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Figure 1V.B.1: **C CPMAS spectrum of **Cg L-Lysine.2HCI at 10 kHz sample spinning.
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Figure 1V.B.2: DQFCOSY spectrum of **C¢ L-Lysine.2HCI at 10 kHz sample spinning.
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Table 1V.B.1: *3C chemical shifts (in ppm units) of two polymorphs of L-Lysine.2HCI.

Spin Polymorph-I Polymorph-11
C1 173.6 173.6
C2 56.0 54.7
C3 33.8 31.0
C4 26.9 25.0
C5 30.8 28.4
C6 42.7 42.2

Due to the poor **C chemical shift resolution of 12 crowded resonance lines,
Hadamard encoded pseudo spin-echo 2D experiments cannot be performed on *Cg L-
Lysine.2HCI for the measurement of selective scalar coupling. Furthermore, spin-echo
modulation requires peak volume as a function of evolution time; in the present case
efficient spin state selectivity is the main problem. Alternatively, the double quantum filter
of JISHEDCOSY suppresses the non scalar coupled magnetization, which allows measuring

all the 12 scalar couplings for two polymorphs of *3Cg L-Lysine.2HCI molecule.

IV.B.1.1. Application of JSHEDQFCOSY: measurement of Jcc for polymorph-1 &
polymorph-I1 in **Cg L-Lysine.2HCI

The chemical shifts of C1 and C2 are assigned as 173.6 ppm and 56.0 ppm for
polymorph-I; 173.6 ppm and 54.7 ppm for polymorph-Il. The carbon chemical shift values
are exactly overlapped for C1, but not for C2. The observed 1.3ppm chemical shift
separation value for C2 is not sufficient to conduct the two separate pseudo spin-echo
experiments for these two polymorphs. However, 2D JSHEDQFCOSY permits to measure
the Jcc at appropriate 41 times J-scaling factor is applied for these spin selections. A clear
contrast has been observed between Hadamard encoded selective spin-echo and DQ filtered
spectra, which are recorded at ©/2 = 0 (Figure 1V.B.3). Therefore, DQ spin-echo suppresses
the non scalar coupled signals and results in clear doublets along the indirect dimension of
JSHEDQFCOSY for C1-C2 spin pairs of *Cs L-Lysine.2HCI
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Similarly, eight separate JSHEDQFCOSY experiments are repeated at different
scaling factors for the remaining spin pairs C2-C3, C3-C4, C4-C5 and C5-C6, as well. The
observed chemical shift differences of 1.3ppm for C2, 2.8ppm for C3, 1.9ppm for C4,

2.4ppm for C5 and 0.5ppm for C6 of two polymorphs, facilitate to conduct the separate
experiments. The Figure 1V.B.4 shows the JSHEDQFCOSY spectra of different spin pairs

for two polymorphs of *Cg L-Lysine.2HCI. The normalized *Jcc are in nice agreement
with the *Jcc reported in the solution-state (Table 1V.B.2).

Table 1V.B.2: "Jcc derived from JSHEDQCOSY pulse sequence and reported in the
isotropic solution-state for different spin pairs of **Cg L-Lysine.2HCI.

Normalized Jec values
Spin-pair . Observed 0. allze reported in
olymorph) Scaling factor coupling (Hz) coupling constant solution-state
G (Hz) (Hz)™
Cc1-cz2 () 41 2244 4.7
53.6
C1-C2 (Il 41 2244 54.7
C2-C3 (1) 21 727 34.7
34.2
C2-C3 (Il) 21 701 334
C3-C4 (1) 11 377 34.3
34.5
C3-C4 (1) 11 364 33.1
C4-C5 (1) 5 183 36.6
34.0
C4-C5 (1) 5 182 36.5
C5-C6 (1) 11 389 35.4
35.8
C5-C6 (11) 11 395 35.9
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Figure 1V.B.3: Comparison between Hadamard encoded selective spin-echoes (lower traces) and double quantum spin-echoes
(upper traces) for different spin pairs of *Cg L-Lysine.2HCI at 10 kHz sample spinning.
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Figure 1V.B.4: JSHEDQCOSY spectra for different spin pairs of *Cg L-Lysine.2HCI recorded at various appropriate scaling
factors (depicted in the individual figures).
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Section-C

The present section-C describes the applicability of Hadamard encoded J-scaled

DQFCOSY experiments for natural abundant, in this regard, 1-Adamantanol is studied.

IV.C.1. Results and Discussions

In addition to the isotopic labelled molecules, the JSHEDQFCOSY pulse sequence
has been explored for the measurement of **C-*3C scalar couplings at natural abundance
levels. The 1-Adamantanol molecule is selected as a model compound to perform these
experiments. The Figure IV.C.1 depicts the *C CPMAS spectrum of 1-Adamantanol
recorded at 10 kHz sample spinning. Furthermore, the DQFCOSY spectrum of 1-

Adamantanol facilitates the chemical shift assignments (Figure IV.C.2).
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Figure 1V.C.1: *C CPMAS spectrum of 1-Adamantanol recorded at 10 kHz sample
spinning speed.
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Figure 1V.C.2: The C-**C DQFCOSY spectrum of 1-Adamantanol recorded at 10 kHz
sample spinning speed.
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IV.C.1.1. Application of JISHEDQFCOSY:: natural abundant 1-Adamantanol

The Figure IV.C.3 represents the Hadamard encoded J-scaled DQFCOSY of two
different spin pairs C2-C3 and C3-C4 of 1-Adamantanol, which are acquired at a scaling
factor of 11. The normalized values of *C-*C scalar couplings derived at natural
abundance levels are equal to 30Hz and 31.1 Hz for C2-C3 and C3-C4 spin pairs,
respectively. Finally, these values are in good agreement with the corresponding solution-
state scalar couplings (Jcz-c3 = 29.2 Hz and Jcs.c4 = 30.1 Hz), which are measured from the
INADEQUATE experiment.
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Figure 1V.C.3: *C-*C JSHEDQFCOSY spectra of C2-C3 and C3-C4 spin pairs of 1-
Adamantanol recorded at 11 times scaling factor, which are shown in (a) and (b),
respectively.

1V. 4. Conclusion

In the present chapter-1V, a novel J-scaled Hadamard Encoded Double Quantum
Filtered Correlation SpectroscopY (JSHEDQFCOSY) pulse sequence has been
demonstrated to measure the accurate **C-**C scalar couplings in uniformly labelled spin
systems with crowded resonances. Moreover, the effective spin-state selection can be
created by using the double quantum filter, which facilitates the determination of scalar
couplings for two different polymorphs of '*Cg L-Lysine.2HCI. Finally, the same
methodology has been extended to measure the Jcc at natural abundance levels. The
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normalized scalar couplings are in good agreement with the solution-state and Jcc
measured in pseudo-selective 2D spin-echo methods. In favourable cases, the present

method can be further extended to highly complex spin systems.
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V.1. Introduction

Accurate measurement of dipolar couplings is essential for estimating the inter-
nuclear distances. These rich structural parameters are averaged to zero in the isotropic
solution-state due to the rapid molecular tumbling, whereas they are sustained in solid-state,
yet their measurement is not straight forward. During the past two decades, a variety of
techniques have been reported for the measurement of homonuclear dipolar couplings
(RFDR: Radio Frequency driven Dipolar Re-coupling,! RR: Rotational Resonance,™
PDSD: Proton Driven Spin Diffusion and its variants®®) and heteronuclear dipolar
couplings (REDOR: Rotational Echo Double Resonance,!”” TEDOR:® Transverse Echo
Double Resonance and its variants) in the solid-state. Indeed, the measurement of
homonuclear dipolar couplings is difficult, when compared to the hetereonuclear dipolar

couplings due to the spectral overlap, particularly in uniformly labelled spin systems.

While the PDSD variants offer qualitative information useful to correlate the spatial
connectivity of long range spins,”! the RFDR methods!™ require a set of experiments to be
recorded at different mixing times. On the other hand, many variants of rotational
resonance (RR) pulse sequences have been developed such as (i) zero-quantum relaxationt
that requires a set of '*C, labelled molecules, (ii) constant mixing time 2D RR
experiments,™ which require collecting the data at different spinning speeds, (iii) constant
spinning speed 2D RR methods, which require collecting the data at different mixing
times™™! and (iv) the methods those involve the processing of data on the knowledge of
individual homonuclear dipolar coupling in the clustered spin systems.*? All these
methods are either involved with expensive isotope enrichments (bi-selective labelling) or
time consuming (2D experiments at different mixing times or different spinning speeds).

Alternatively, selective spin-echo experiments have been developed (as discussed in
earlier chapters) for the measurement of homonuclear dipolar couplings at fixed Off Magic
Angle Sample Spinning,™** which are suitable only for the measurement of distances <
3A. Subsequently, a new spinning angle encoded and DQ based pulse sequences have been
developed™ and demonstrated for homonuclear distance up to 6A. Nevertheless, while the
spinning angle encoding technique warrants a special type of probe design,*® the DQ-

based experiments demand long spectral acquisitions. The present chapter deals with novel
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experimental strategies that employ selective spin-echoes for the measurement of long

range Dcc /distances in uniformly labelled organic solids.

The chapter-v comprises of two parts. The section-A deals with the selective spin-
echo experiments at fixed off-magic angle sample spinning (OMAS) for the measurement
of homonuclear dipolar couplings in **Cs-FSAA and *Cs-SA molecules. By setting up the
spinning axis of the sample slightly away from the magic angle, the dipolar interactions do
not average to zero and allow to measure the residual dipolar couplings along with the
corresponding scalar couplings. Hence, the resultant spin-echo modulation is according to
the J+D, from which the D can be computed with the prior knowledge of J (measured at
MAS). However, these OMAS experiments are carried out at the cost of spectral resolution
for favourable cases. Care must be taken to set up the small offset angles for retaining the

required spectral information.

The section-B discusses the first demonstration of a new Hadamard encoded double
frequency selective zero-quantum echo pulse sequence for selective homonuclear dipolar
coupling measurements in clustered solid spin systems. Herein, the dipolar couplings
between interested spin pairs have been reintroduced by setting the spinning speed equal to
the chemical shift difference of two spins (Rotational Resonance). In this situation, as the

data is always collected only at MAS, spectral resolution may not be a problem.

Section-A

V.A.1l. Materials

B3¢-13C selective spin-echo experiments are conducted for two unnatural peptides,
to derive homonuclear distance measurements at Off Magic Angle Sample Spinning
(OMAS) condition. Crystallization of *Cs-FSAA (cis- Furanoid Sugar Amino Acid)
monomer and *Cg-SA dimer are carried out in 1:1 mixture of methanol and water at 25°C.
Solid-state NMR experiments are conducted in 1:5 mixtures of isotopic labelled and the
corresponding natural abundant compounds to minimize the intermolecular dipolar

interactions.

90



Inter-nuclear distance measurements..... Chapter-V

13
13”1 b) 13(|)| 13c|:8
>r \n/ ’ o il XO\H/NMC;QC\:Q\N/Cﬂsﬁ/O\
/
13C C 0o 130.13 /o o)
Q 4"c Q 4°Cs

Figure V.A.1: Schematic representations of molecular structures of unnatural peptides:
(a) 1*Cs-FSAA and (b) *Cg-SA.

V.A.2. Experiments

All the experiments are performed on Varian Unity Inova 400 MHz spectrometer
equipped with 4mm chemagnetics solid-state NMR probe. The spinning speed (10 kHz) is
controlled by Varian automated MAS control unit. The optimized 90° pulse widths are
2.75us and 2.91ps for 3C and *H, respectively. Contact time of 5 ms for cross polarization

and 3s recycle delays is used.

Shaped pulses are analyzed with the Pbox option invoked in VNMRJ2.2D software.
In the present case Gaussian shaped pulses of 3.62ms duration are used for the
simultaneous refocusing of the specified spins, and the resultant bandwidths are equal to the
249 Hz. Since the simultaneous application of shaped pulses may introduce the multi
quantum artefacts in the spin-echo modulations. A shift correctiont**! of 869 ps is applied to
the Gaussian pulses, which is equal to the shaped pulse width at 76.69%. The t/2 values are
incremented as integer multiples of rotor periods, where, Ty is the total interval during the

shaped pulses (tp) and .

.H‘ cp SPINAL-64

uc| cp
n
/2 T/2

Figure V.A.2: Schematic representation of Hadamard encoded pulse sequence in double
frequency selective refocusing.
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V.A.3. Results and Discussions

V.A.3.1. Proton Driven Spin Diffusion (PDSD) experiments of **Cs-FSAA

Figure V.A.3 depicts the comparison of PDSD spectra of *Cs-FSAA recorded at

two different mixing times, 5 ms and 50 ms. The PDSD spectrum at 5 ms mixing time

shows only correlation between nearby spins, whereas, all the correlations are observed at

50 ms mixing time. Figure V.A.4 illustrates the magnetization build-up curves for the

different spin pairs in *Cs-FSAA, which exhibit A.exp (-k/tmix) form.[ However, they give

only semi-quantitative information, which is not sufficient for accurate measurement of

distances.
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Figure V.A.3: Comparison of PDSD spectra of **Cs-FSAA recorded at 5 ms (a) and 50 ms

(b) mixing times.
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Figure V.A.4: PDSD cross-peak intensity profiles for different spin-pairs of *Cs-FSAA.
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V.A.3.2. Hadamard encoded double selective spin-echo experiments at Magic Angle

Sample spinning

As discussed in chapter-11, the J-coupling measurements are carried out at the magic
angle adjusted by "Br. Further, the *3C spin-echo modulation of Glycine is used to confirm
the magic angle adjustment, which yielded 55.5 Hz of J-coupling that is comparable to the
value in the solution-state (53.6Hz). Initially, Hadamard encoded double frequency
selective refocusing experiments are conducted at MAS on both **Cs-FSAA and **Cg-SA
molecules to obtain *J.. and 2J. scalar couplings. The resultant spin-echoes are integrated
and plotted against the t.,. Later, the experimental spin-echo modulations are fitted by

using Levenberg-Marquardt iteration algorithm for the theoretical expression (1).13 4!

S (2) ¢ €0s {78 (zev-7n)} XP (-7 IT2) 2 (1)

Where p, T,’ is the empirical parameters, z, is the spin-echo evolution time and s,

is the time shift associated with the shaped pulses.

For *Cs-FSAA molecule, total five Jcc couplings (4 Yecand 1 3JCC) are measured.
On the other hand, in *Cg-SA molecule all the available seven *Jcc coupling constants are

measured, whereas no long-range Jcc is observed.

V.A.3.3. Hadamard encoded double-selective spin-echo experiments at fixed Off Magic

Angle Sample spinning

The dipolar couplings are measured for different spin pairs of **Cs-FSAA and **Cs-
SA molecules by using Hadamard encoded double frequency selective refocusing spin-
echoes at fixed off-magic angle sample spinning condition. The Figure V.A.5 represents
the spin-echo modulation of *3C,-Glycine at fixed off magic angle spinning axis, which
facilitates the calibration of rotor angle offset. In the present case, the calculated angle
offset value is -1.924+0.003°. The *C CPMAS spectrum of 13C5-FSAA is well resolved at
this off-set angle, whereas it is ambiguous for **Cs-SA (Figure V.A.6). The selective spin-
echo experiments at OMAS have been carried out by the same procedure as described for
Jec couplings at MAS. Herein, the equation (2) allows fitting the spin-echo amplitude

modulations, which are recorded at fixed off-magic angle.
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S (7) ~p exp (-7T2°) + (1-p) Smou (.4) exp (-7T5") > (2)
where, p represents the population
Smod (7.4) = X {Fe(x) cos () + Fs(x) sin (6)}
is the modulation part comprised of Fresnel integral terms, F¢(x) and Fs(x) and
AzA) = (1 + 22 bA)r
X (7) = (6bd m2)?

€ and x are the parameters depend on dipole-dipole coupling constant b, whereas A is the

angle offset.

b Figure V.A.5: The spin-echo modulation of *C,-
e 5 Glycine at off magic angle sample spinning,
2 %% which allows to calculate the angle offset away
g 0 from the MAS with the prior knowledge of Yee ~
E 001 — &~ ™ s 55 Hz at MAS as well as °C-*°C distance
S ad parameters. Black filled circles and gray solid
g 0.5 line depict the experimental data and the
@ theoretical fit for expression-2, respectively.

Figure V.A.6:
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D A B¢ CPMAS
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h" A ® ey at  MAS and

9 A %—d OMAS for '3Cs-

T T WA Rl W W FSAA and *Cs-SA
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molecules: (a) and

c are C

CPMAS  spectra

= J\' L. B g ;E'\ ;if,s,o\ collected at MAS
VT

o 3, 3,
Y FETE for Beysa and
Q" ¥cy BCs-FSAA,
a) g ﬁ—o respectively. The
corresponding
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm OMAS spectra are

shown in (b) and
(d). As explained in the text at larger offset angles, the reintroduction of the dominant
dipolar and CSA interactions spoil the spectral resolution. Accordingly, the spectral
resolution for these two compounds is reduced (relatively more for **Cg-SA) at OMAS due
to the increased line broadening.
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V.A.3.4. Comparison of Hadamard encoded double frequency selective spin-echo
modulations for different spin pairs in **Cs-FSAA at MAS and OMAS

Table.V.A.1 represents the comparison of Hadamard double-frequency selective
spin-echo modulations recorded at MAS and OMAS conditions, for different spin pairs of
B3Cs-FSAA. The measured **C-**C homo-nuclear dipolar couplings are divided into three
groups. (i) -2500 to -2100 Hz for the directly bonded carbons (~ 1.45 — 1.52 A), the
modulations are strong enough to observe the coupling information at MAS as well as
OMAS conditions. (ii) -700 to -500 Hz for the two bond separated carbons (~ 2.2 to 2.4 A),
no modulations are observed at MAS, whereas, at OMAS generates weak modulations. (iii)
-150 Hz for the three bond separated carbons (~ 3.55 A) C1-C5, which is the maximum
distance measured in *Cs-FSAA, by using this technique. Herein, the inherently available
3Jcc coupling of 6.2 Hz strongly supports the spin-echo modulation between 1 and 5 at
OMAS; hence the modulation is not a simple monotonic decay at OMAS, as well.
However, spin-echo modulation for C1 and C4 is a pure monotonic decay at MAS and
OMAS also. Levitt and co-workers have indicated in their study, that the OMAS spin-echo
technique is limited to accessing the distances only up to 2.2 A, as the spin-echo
modulation for far apart spins is mainly of simple exponential decay that is predominantly
governed by T,-relaxation. On the other hand, as a special case, distances up to ~3.6 A are

measured due to significant long range Jcc between C1 and C5 in FSAA.
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Table V.Al: Comparison of selective spin-echo modulations for different spin-pairs of
B3Cs-FSAA, recorded at MAS and OMAS conditions.
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Interestingly, distances derived for the different spin pairs of **Cs-FSAA at OMAS NMR
are in excellent agreement with distances derived from X-ray crystallographic structure

(Figure V.A.7).
%) b) _ 40]
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15 20 25 30 35 40
Distances from X-Ray Crystal Structure (A°)

Figure V.A.7: (a) X-Ray crystal structure of FSAA and (b) correlation between distances
derived from X-Ray and OMAS SSNMR.

V.A.3.5. Comparison of Hadamard encoded double selective spin-echo modulations for
different spin pairs in *Cg-SA at MAS and OMAS

Table V.A.2 described the comparison of Hadamard encoded double selective spin-
echo modulations for different spin pairs of **Cg-SA, which are generated at MAS and

OMAS conditions. The measured *C-**C Homonuclear dipolar couplings are divided in
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three groups. (i) -2500 to -2100 Hz for directly bonded carbons (~ 1.45 — 1.52 A),
modulations are strong enough at both MAS and OMAS also, (ii) -700 to -500 Hz for the
two-bond separated carbons (~ 2.2 to 2.4 A), whereas, only very week modulations are
observed at OMAS condition and (iii) for the present molecule no long-range dipolar
couplings are measured.

Table V.A.2: Comparison of selective spin-echo modulations for different spin-pairs of
B3Cg-SA, recorded at MAS and OMAS conditions.
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obtained from X-ray crystal structure of **Cg-SA (Figure V.A.8).
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Figure V.A.8: (a) X-Ray crystal structure of *3Cg-SA and (b) correlation between distances
derived from X-Ray and OMAS SSNMR.

Section-B
V.B.1. Experiments

Figure V.B.1 depicts the Hadamard encoded zero-quantum Rotational Resonance
pulse scheme, which is an analogous version of zero-quantum selective spin-echo
method.!*® In this pulse scheme, the bi-selective Gaussian refocusing pulses are replaced by
the Hadamard encoded phase ramped Gaussian pulses. A total 64 step phase cycling is
required and this is a more sensitive technique than the DQ method. All the experiments
are performed on the Varian Unity Inova 400 MHz spectrometer equipped with 4mm
chemagnetics solid-state NMR probe. Spinning speed is controlled by Varian automated
MAS control unit at rotational resonance condition. The 90° pulse widths are 2.75us and
2.91ps for 3C and 'H, respectively. The contact time of 5s and 3s recycle delay is used.
During the pulsing and acquisition periods, the SPINAL64 decoupling is employed.
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Figure V.B.1: Schematic representation of Hadamard encoded zero-quantum spin-echo
pulse sequence used for the present study with phase ramped shaped pulses.

V.B.2. Theory

The zero-quantum echo modulation of a spin pair, far away from the rotational

resonance condition may be written as
S () = Aexp (-0.54T,) cos (W 2)° = (1)

where, A is the spin population, T, is the spin-spin relaxation time and J is the scalar

coupling constant.

The equation (2) represents the zero-quantum selective echo modulation (with shift
correction for the shaped pulses) of a spin pair at away from the rotational resonance

condition.
S (2) = Aexp (-0.57T,) cos (7 z/2)° >(2)
where z = =2 %

Furthermore, the zero-quantum selective echo modulation of a spin pair, at

rotational resonance condition can be written as

S (7) = A exp (-0.57Ty) cos (7pzeil2)? >(3)
where ¢ =J+D > (4)
= J+b/2 7 > (5)
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where b is the dipolar coupling constant of the selected spin-pair.
From the equations (3) and (5)

S () = Aexp (-0.54T,) cos {(1/4) 2+b) > =  (6)

V.B.3. Results and Discussions

Figure V.B.2 compares the Hadamard encoded double selective zero-quantum echo
spectra for different spin pairs of *Cs-FSAA, which are recorded at rotational resonance

and away from the rotational resonance conditions.

h) | OffRR

n_| | . OffRR )
O N, o SO
; i ¢ RR BelLic? o
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H : H H \‘413C:

: : : : Q C
aQ | 1 OffRR ig
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Figure V.B.2: Comparison of (a) *C CPMAS spectra and the corresponding Hadamard
encoded zero-quantum selective echoes for different spin pairs of *Cs-FSAA at away from
RR (b, d, f, h) condition and at the exact RR condition (c, €, g, i).
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(i) C1-C3 dipolar coupling:

In 3Cs-FSAA molecule C1 and C3 resonances are separated by 11025 Hz on the
chemical shift scale. The sample spinning at 11025 Hz matches to the rotational resonance
condition. The Figures V.B.2a and V.B.2b depict the Hadamard encoded double selective
zero-quantum spectra of C1-C3 at off-RR and RR conditions, respectively. The observed
line-widths at RR condition have a slightly higher value than the line-widths of spectrum
recorded at off RR condition, which is due to the re-introduction of the small amount of
dipolar couplings. Nevertheless, no great changes in line broadening have been identified,
when compared with the OMAS spectrum. Figure V.B.3 represents the double selective
zero-quantum echo modulation for C1-C3 of *Cs-FSAA, which vyields the *C-*C dipolar
coupling (-463 Hz and 2.54A) between C1 and C3 by fitting the data to the theoretical
equation (6).
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Figure V.B.3: Hadamard encoded ZQ-selective echo modulation for C1-C3 spin pair of
B3Cs-FSAA at 11025 Hz of sample spinning speed.

(if) C1-C4 dipolar coupling:

The C1 and C4 resonances of *Cs-FSAA are separated by 8380Hz on the chemical
shift scale. The sample spinning at 8380 matches the RR condition and introduces the
dipolar coupling between selected spin pair C1 and C4. Herein, no scalar coupling is
observed between C1 and C4 from the spin-echo modulation at MAS. The Figure V.B.4
shows the zero-quantum echo modulation for C1-C4 at RR condition and the fitted dipolar

coupling value is -121 Hz (3.7A). The distance derived from the estimated dipolar coupling
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is fairly comparable to the X-ray crystallographic data. Furthermore, line-widths of the

spectra recorded at RR and off RR are well comparable (Figure V.B.2d and Figure V.B.2e).
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Figure V.B.4: Hadamard encoded zero-quantum selective echo modulation for C1-C4 spin
pair of *Cs-FSAA at 8380 Hz of sample spinning speed.

(iif) C1-C5 dipolar coupling:

The C1 and C5 resonances are separated by 6250Hz on the chemical shift scale. The
sample spinning at 6250Hz reintroduces the dipolar coupling for C1-C5 spin pair of *Cs-
FSAA molecule by matching the RR condition. The Figure V.B.5 depicts the zero-quantum
echo modulation for C1 and C5 at RR condition, and the fitted dipolar coupling value is -
153 Hz (3.63A), which is strongly supported by inherently available scalar coupling (6.2
Hz) between the selected spin-pair. Furthermore, line-widths are comparable for RR and

off-RR spectra of C1-C5, which are shown in Figures V.B.2f and V.B.2g, respectively.
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Figure V.B.5: Hadamard encoded ZQ selective spin-echo modulation for C1-C5 spin pair
of 3Cs-FSAA at 6250 Hz of sample spinning speed.
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(iv) C3-C5 dipolar coupling:

The C3 and C5 resonances of *Cs-FSAA are separated by 4775Hz on the chemical
shift scale. The sample spinning at 4775 Hz matches the rotational resonance condition for
the selected C3-C5 spin pair, which introduces the dipolar coupling. The Figure V.B.6
shows the zero-quantum spin-echo modulation of the C3-C5 spin pair, which vyields a
dipolar coupling value of -475 Hz (2.51A). The comparison of Figure V.B.2h and Figure
V.B.2i describes the change in line-widths of C3 and C5 resonances, while introducing the
full amount dipolar couplings for 2.51A separation.
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Figure V.B.6: Hadamard encoded zero-quantum selective spin-echo modulation for C3-C5
spin pair of *Cs-FSAA at 4775 Hz of sample spinning speed.

The inter-nuclear distances thus estimated from the experimentally derived dipolar
couplings have shown a nice correlation with the distances derived from the X-Ray crystal
structure (Figure V.B.7).
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Figure V.B.7: Correlation between distances derived from the X-Ray crystallography and

Hadamard encoded zero-quantum RR echo SSNMR for different spin pairs of **Cs-FSAA
molecule.
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V.2. Conclusion

In conclusion, the conventional PDSD build-up curves are recorded for the **Cs-
FSAA molecule, which helps in monitoring the long-range spin-spin correlations, but
provide only the semi-qualitative information. On the other hand, a new set of Hadamard
encoded selective spin-echo experiments are demonstrated, which allow to measure the
accurate distances between selected spin-pairs in uniformly labelled molecules. The
distances derived from the spin-echoes at off-magic angle sample spinning are in good
agreement with the X-ray crystallographic data. However, the spectral resolution is rather
poor at off-magic angle sample spinning condition, since the dominant CSA and dipolar
contributions introduce a huge line-broadening. Herein, a long-range distance up to 4A is
measured, where the echo modulation is strongly supported by the inherently available 3Jcc
coupling between C1 and C5 of *Cs-FSAA. Alternatively, to overcome these resolution
issues due to the off-magic angle spinning experiments, rotational-resonance zero-quantum
spin-echo experiments are presented. The measured line-widths of the spectra, which are
recorded at RR condition, have shown additional broadening, since the dipolar couplings
are reintroduced. However, the measured distances are well comparable with the distances
derived from the x-ray crystallographic data. The described methodologies can be extended

to the isotope labelled complex biological solids.
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V1.1.Introduction

The chemical shift assignments of solid-state samples can be established either by
through bond or through space correlation experiments, wherein an accurate identification
of the cross-peaks are crucial. The cross-peak intensities of double quantum techniques are
governed by the scalar coupling network specific to the molecule as well as the
corresponding spin-spin relaxation times. Different experimental methods: TOCSY,M
refocused-INADEQUATE,” UC2QF-COSY (uniform cross peak sign double quantum
filtered COSY),®! CTUC-COSY™ (constant time uniform cross-peak sign COSY) and
SAR-COSY™! (sensitive absorptive refocused COSY) have been developed over the years,
to identify the chemical shift correlations.

Among the other methods, solid-state TOCSY is analogous to its routine solution-
state version and the required isotropic mixing at the magic angle spinning is achieved by
rotor synchronized pulses. But, the described scheme results in heating up of RF coils and
is sensitive to the pulse imperfections. Alternatively, refocused-INADEQUATE with
enhanced transverse relaxation times during the refocusing periods is known, & which has

lower sensitivity with respect to the two dimensional double quantum COSY (DQCOSY).

On the other hand, UC2QF-COSY is a versatile technique and has better efficiency
for double quantum filtration over the CTUC-COSY. However, these methods suffer from
(i) longer acquisitions times and (ii) cumbersome determination of the evolution times
(based on the spin system; IS and IS,) for attaining optimum cross-peak intensities. These
problems can be addressed by selective refocusing of interested resonance bands in either
double or Hadamard encoded multiple selective refocusing modes. Based on the choice of
the spin-pairs for selective refocusing, the UC2QF-COSY facilitates commutation between
spin-spin interactions,'® thereby the damping components are limited to the spin-spin
couplings and to the corresponding relaxation times. To this effect, in the present chapter, a
selective refocused UC2QF-COSY (SRUC2QF-COSY) is introduced.

The present chapter demonstrates the reconstruction of spinning side-band free
DQFCOSY of organic solids, which is fast and shows improved sensitivity. The sensitivity
has been enhanced by recording the SRUC2QF-COSY spectra for the commuted spin-pairs

(directly bonded or long-range) by choosing appropriate mixing times those are computed

111



Selective Refocused Uniform Cross-peak.... Chapter-VI

from simulations. Furthermore, the utility of covariance processing "' significantly
minimizes the experimental times, and a small number of indirect dwell increments are
sufficient. The SRUC2QF-COSY spectra are acquired in a wide range of sample spinning
frequencies and permit to observe the spinning sideband free spectra, even at low sample

spinning speeds.

The covariance processing has been well explored in solution-state NMR, B
whereas, it is sparsely used in solid-state NMR.*! In contrast to the regular 2D-FT, in a
2D covariance spectrum, resolution along the indirect dimension is determined by the
resolutions of the direct dimensions. The mathematical form of covariance NMR is

straightforward and it may be as defined by the following equation
C — (XXT)1/2

where C is the symmetric covariance matrix, X and X' are the real and transpose of the

regular 2D FT spectrum, respectively.

V1.2.Methodology

Solid-state UC2QF-COSYE! is a similar to its solution-state DQFCOSY pulse
sequence. However, the diagonal and cross-peak anti-phase signals of solution-state
DQFCOSY are converted to in-phase signals in the UC2QF-COSY pulse scheme, by using
the additional refocusing pulses and z-filter. While the mixing time or evolution time 2r,
during the refocusing periods for IS type of spin systems is 1/2J, its value ranges from 1/8J

to 1/4J for clustered spin systems.

The dependences of spin evolution times on the cross-peak intensities for IS and IS,
spin-systems are given in equation (1) and (2), respectively. The spin-spin interactions of
IS, spin-system can be converted to IS type by using selective refocusing pulses, which has
been reported for the sensitivity enhancement of Ca-C cross-peaks by deselecting the -
C=0 resonance bands in CTUC-COSY of bio-molecules.! In the present chapter, the same
strategy has been explored for the selection of different spin-pairs or spin combinations by

using either normal bi-selective or Hadamard encoded refocusing pulses. The theoretical
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expressions for mixing time dependent cross-peak intensities of IS and IS, spin-systems are

given below.
For IS spin-system, the cross-peak intensity can be written as,

T1 o =Y sin® (2nd1 1) exp (-41/T2*) > (1)
Similarly, for IS, spin-system, the cross-peak intensity can be written as

T, n = ¥2 5in? (2713 at) 108 (27dm-1.mt) T1C0S (21tdn, ne1t) €Xp (-41/To* ™) [lexp (-4t/To* ™
L™ TTexp (-4t/T,*™ ™) > (2)

% Mmn

where, T, and T, are the intensity of the cross-peaks and homogeneous spin-spin

relaxation times of spin pair -Cp.1-Cpy-Cp-Cha1-, respectively.

In the case of IS spin-system (ex: *C,-Glycine), T, is optimum at T = 5ms, which
Is calculated from the measured scalar coupling Jco-co (~50 Hz). The required total mixing
time during the refocusing period of UC2QF-COSY is equal to 10 ms, which is
considerably large for the transverse de-phasing of magnetization in solid-state samples.
The estimation of cross-peak intensities are governed by the spin-spin relaxation time and
scalar couplings. Accordingly, the intensities for a combination of smaller scalar couplings
(<50 Hz, Jco-cp ~30 Hz) with short spin-spin relaxation times are lower with respect to the
combination of maximum coupling constant and considerably large spin-spin relaxation

times.

The commutation between spin-spin interactions is achieved by replacing the
refocusing hard = pulses of UC2QF-COSY, either by the bi-selective or Hadamard encoded
selective refocusing pulses as described in the earlier chapters. The schematic
representation of UC2QF-COSY and SRUC2QF-COSY pulse sequences are depicted in
Figure V1.1, and are demonstrated for uniformly labelled molecules, **Cg L-Histidine.HCI
and °Cs-FSAA.
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Figure VI.1: Schematic representation of double quantum filtered pulse sequences: (a)

UC2QF-COSY and (b) SRUC2QF-COSY.

V1.3.Experiments

All the Hadamard selective spin-echo, UC2QF-COSY and SRUC2QF-COSY are
performed on Varian UNITY INOVA 400 MHz spectrometer equipped with 4mm

chemagnetics probe. The sample spinning frequencies are controlled at 4.2 kHz, 8.0 kHz,
and 13.0 kHz for **Cg L-Histidine.HCI and 10.0 kHz for **Cs-FSAA. The optimized pulse

widths are 3.1 us and 3.5 ps for *H and **C, respectively. Contact times of 1.0, 2.0, 3.0 and

3.0 ms are used for 4.2, 8.0, 10 and 13.0 kHz spinning speeds, respectively. Total 64 step
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phase cycling is applied. The sweep-widths 24, 24, 20 and 26 kHz are used for 4.2, 8.0, 10,
and 13.0 kHz spinning speeds, respectively. The Gaussian shaped pulse of 4.5 ms is used
for double and multiple selective refocusing modes, which is equal to 200 Hz of bandwidth.
The SRUC2QF-COSY experiments are acquired with 16 complex points along the indirect
dimensions; whereas, UC2QF-COSY experiments are acquired with the 256 complex

increments.

V1.4. Results and Discussions

V1.4.1. Simulation of cross-peak intensities in isolated and multi-spin systems

Initially, the optimum evolution times required for obtaining the maximum DQ
cross-peak intensities of UC2QF-COSY (clustered spin system) and SRUC2QF-COSY
(commuted spin pairs) are computed for each spin pair in uniformly labelled molecules
(*Ce L-Histidine.HCI and 3Cs-FSAA) by using equations (1) and (2), respectively.
Subsequently, these optimum values are employed in UC2QF-COSY and SRUC2QF-
COSY experiments at different sample spinning speeds. The selective scalar couplings and

* Mmn

spin-spin relaxation times (Jnn and T, ) are the essential input parameters for these
simulations, which are obtained from the selective spin-echo modulations recorded for

different spin pairs at altered spinning speeds, as discussed in chapter-II.

The measured selective Jec values for **Cg L-Histidine.HCI molecule, at higher
spinning speeds are in good agreement with the solution-state Jcc. However, at the lower
spinning speed 4.2 kHz, a considerable difference in Jcc is observed, especially for the CH,
carbons, which may be due to the introduction of small magnitude of dipolar couplings.
The relaxation times of CH, carbons measured at 13.0 kHz spinning speed are about twice
to the values measured at 4.2 kHz spinning speed. The scalar couplings and spin-spin
relaxation times, which are experimentally measured from the selective spin-echoes for
different spin pairs of **C¢ L-Histidine.HCI and *Cs-FSAA at different spinning speeds,
are given in Table VI.1.
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Table VI.1: "Jcc and spin-spin relaxation times derived from the 2D pseudo selective spin-
echo modulations for different spin pairs of **Cg L-Histidine.HCI and *Cs-FSAA at altered
spinning frequencies.

Ce Histidine.HCI BCs-FSAA
Solution- Solution-
4.2 kHz 8.0 kHz 13.0 kHz 10.0 kHz
state state
) sample sample sample sample
Spin o o o scalar o scalar
_ spinning spinning spinning ) Spin | spinning )
pair coupling coupling
pair
T2 T T
e e e 1 Uec | T2 |,
(m (m (m | Jec (H2) Jee (H2)
(Hz) (Hz) (Hz2) (Hz) | (ms)
s) s) s)
cecs | 57.9 | 135 | 57.0 | 23.6 | 58.3 | 39.0 59.8 circ2 | 72.1 | 78.8 71.2
csca| 247 | 6.4 | 320 | 7.3 | 343|125 34.6 c2c3| 341 | 254 34.1
cacsa | 348 | 89 |48.4 | 13.2|52.2 | 20.7 51.0 c3ca | 439 | 27.0 41.3
caci| 751 | 93 | 727 | 125 | 75.6 | 23.6 74.5 cacs | 33.9 | 39.8 33.9
cics | 8.2 | 108.8 6.4

V1.4.1.1 Simulation of cross-peak intensities for different spin-pairs in Cg L-
Histidine.HCI

For clustered spin system, the cross-peak intensity profiles for different spin pairs of
B3Ce L-Histidine.HCI are simulated by using equation-2 and are shown in Figure VI.2. As
expected, the intensity of the cross-peak enhances with the spinning speed, which is due to
the increased spin-spin relaxation times (decreased line width). The cross-peak intensities
of C5-C3 (red line) and C3-C4 (green line) spin pairs are about 10 to 20 times larger at
different spinning speeds with respect to the cross-peak intensities of C6-C5 (blue line) and
C4-C1 (magenta line). The peak maxima are observed at mixing times 1.0, 1.25, and 1.8 for

4.2, 8.0, and 13.0 kHz spinning speeds, respectively.
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On the other hand, the cross-peak intensity profiles for commuted spin pairs of *Cg
L-Histidine.HCI molecule are simulated by using equation-1. Here also the C5-C3 (red
line) and C3-C4 (green line) spin pairs exhibit around 6 times lower intensity at 4.2 kHz
spinning speed and ~3 times lower intensity at 13.0 kHz spinning speed, when compared to
the C6-C5 (blue line) and C4-C1 (magenta line) spin pairs. Furthermore, interestingly, the
simulated cross-peak intensities for commuted spin pairs (SRUC2QF-COSY) at 4.2 kHz
are relatively higher with respect to those in clustered system (UC2QF-COSY), at 13 KHz

spinning speed.
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Figure VI.2: The simulated UC2QF-COSY (for the clustered spin system) cross-peak
intensity profiles for different spin pairs (C6-C5 (o), C5-C3 (), C3-C4 (o) and C4-C1 ()
of °Cs L-Histidine.HCI are shown in (a), (b) and (c) at altered spinning speeds 4.2, 8.0 and
13.0 kHz, respectively. The corresponding cross-peak intensity profiles of SRUC2QF-
COSY (for individual spin-pairs) are shown in (d), (e) and (f).

In the light of the observed sensitivity enhancement, the SRUC2QF-COSY
experiments are extended to the multiple selective refocusing modes, which can be
experimentally implemented by using Hadamard encoded selective refocusing pulses.

Herein, the variation in cross-peak intensities is simulated for the two different spin
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combinations: C6-C5-C4-C1 and C5-C3-C4 of **Cg L-Histidine.HCI (Figure V1.3) by using
equation-2. The Jcc and relaxation times, which are measured at 13.0 kHz sample spinning
speed are used for the simulation. For commuted C6-C5-C4-C1 spin combination, no loss
in the cross-peak intensities is observed with respect to these cross-peak intensities in
double selective refocusing mode. Whereas, in C5-C3-C4 spin-combination, a threefold
increase in the cross-peak intensities of C5-C3 (red line) and C3-C4 (green line) is observed
at 3.0 ms of evolution time with respect to the cross-peak intensities in the clustered spin

system.

Cross-peak intensity

0.002 0.004 0.006 0.008 0.01
Mixing time T (s)

Figure VI. 3: The simulated SRUC2QF-COSY cross-peak intensity profiles (~10 kHz) for
different spin pairs (C6-C5 (), C5-C3 (e), C3-C4 () and C4-C1 (o)) of *Cs L-
Histidine.HCI. The spin combinations C6-C5-C4-C1 and C5-C3-C4 can be selected with
the Hadamard multiple selective refocusing modes.

V1.4.1.2. Simulation of cross-peak intensities for different spin-pairs in *Cs-FSAA

molecule

Similarly, the cross-peak intensities at 10 kHz sample spinning speed are simulated
for individual spin-pairs of **Cs-FSAA molecule by considering (i) clustered spin-system
(UC2QF-COSY) and (ii) commuted spin-pairs (SRUC2QF-COSY). A considerable
enhancement in SRUC2QF-COSY (equation-1) cross-peak intensities are observed, with
respect to those in UC2QF-COSY (equation-2). The simulated SRUC2QF-COSY cross-
peak maxima (Figure V1.4) for directly bonded spin pairs and the long range C1-C5 spin
pair, are observed at ~4.0 ms and ~10 ms, respectively. Whereas, in the case of UC2QF-
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COSY, the average simulated peak maxima are observed at ~2 ms for all the spin pairs
(Figure VI1.4). Furthermore, the dominant Jcc and spin-spin relaxation values of directly
bonded spin-pairs of clustered spin systems do not allow to observe the long range
correlations. However, the SRUC2QF-COSY method overcomes this difficulty, since the

effect of dominant relaxations and scalar coupling information is suppressed during the
selective refocusing.
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Figure V1.4: The simulated UC2QF-COSY (for complete spin system) cross-peak intensity
profiles for different spin pairs (C1-C2 (), C2-C3 (), C3-C4 (o), C4-C5 () and

) of 1*Cs-FSAA is shown in (a) at 10.0 kHz sample spinning speed. The corresponding
cross-peak intensity profiles of SRUC2QF-COSY (for individual spin-pairs) are shown in
(b).

The SRUC2QF-COSY cross-peak intensities are also simulated for three different
spin combinations of 3Cs-FSAA, at 10 kHz sample spinning speed. In case of C1-C2-C4-
C5 spin combination, no loss in the cross-peak intensities is observed, which is due to the
spin-spin commutation. Furthermore, for C2-C3-C4 spin combination, a considerable
increase in the cross-peak intensities for C2-C3 and C3-C4 spin pairs is observed with
respect to the corresponding intensities in the clustered spin system. The third combination:

long range C1-C5 spin pair, requires relatively long mixing time, due to the small spin-spin
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coupling. For directly bonded spin pairs, the mixing time is around ~3 ms, seems to be
optimum cross-peak intensities, whereas its value is ~10 ms for the long range 3Jcics
(Figure VL.5).

Cross-peak intensity

0.002 0.004 0.006 0.008 0.01

Mixing time T (s)

Figure VI.5: The simulated SRUC2QF-COSY cross-peak intensity profiles for different
spin pairs (C1-C2 (), C2-C3 (), C3-C4 (o), C4-C5 () and ) of BCs-FSAA
recorded at 10 kHz sample spinning speed. The different spin combinations C1-C2-C4-C5,
C2-C3-C4 and C1-C5 can be selected with the Hadamard multiple selective refocusing
modes.

V1.5. Experimental results

VI1.5.1. UC2QF-COSY NMR experiments of B3¢, L-Histidine.HCI

The UC2QF-COSY spectra of **C L-Histidine.HCI are recorded at 4.2 kHz (Figure
VI.6a), 8.0 kHz (Figure V1.6b) and 13.0 kHz (Figure VI1.6¢) with the optimized mixing
time (t) values 1.0, 1.25 and 1.8 ms, respectively. The acquired UC2QF-COSY spectrum at
4.2 kHz is difficult to analysis due to the poor cross-peak intensities. Furthermore, the less
sensitive cross-peaks are severely overlapped by the spinning side-bands of sp2 carbons
(C6, C4 and C1). However, the data collected at higher spinning speeds viz., 8.0 and 13.0
kHz exhibit relatively better intensity, but each UC2QF-COSY spectrum requires ~ 9 Hrs
of acquisition time. Therefore, the conventional UC2QF-COSY demands more acquisitions
and the spectra exhibit inferior cross-peak sensitivities. Nevertheless, the re-introduction of
spin-spin commutation facilitates the acquisition of 2D spectra with the optimum cross-

peak intensity.
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V1.5.2. Double band-selective SRUC2QF-COSY NMR experiments of 3Cs L-
Histidine.HCI

The SRUC2QF-COSY spectra are recorded at 4.2 kHz (Figure VI1.7d), 8.0 kHz
(Figure V1.7e) and 13.0 kHz (Figure VI.7f) of sample spinning with the corresponding
optimized mixing time (t) values 3.0, 3.0 and 4.0 ms, respectively. The choice of selective
refocusing of two resonance bands in each experiment facilitates the minimization of
acquisition times. Herein, 16 complex increments are collected along the indirect
dimension and processed with the covariance method (Figure VI. 6) and the number of
increments is sufficient to observe the chemical shift connectivity along the indirect
dimensions. The required spectral acquisition time for each double band selective
experiment (SRUC2QF-COSY) is only ~30 min. In the present case, total four double
band selective experiments are recorded for **Cg L-Histidine.HCI in ~ 2Hrs. The spin pairs
C6-C5, C5-C3, C3-C4 and C4-C1 are selected based on the known knowledge of resonance
bands of natural amino acids. The same methodology can be adopted for unnatural amino
acids as well. Subsequently, the double band selective SRUC2QF-COSY spectra of the
individual spin-pairs are co-added to yield a spectrum equivalent to that of a full UC2QF-
COSY spectrum with the improved sensitivity and free from the spinning sidebands (Figure
VI.7). The cross-peak intensities observed for SRUC2QF-COSY spectra are equal to the
diagonal peaks of individual spin-pairs. Independent spectra that are free from spinning
side bands can be observed for each spin pair, even at lower spinning speeds. The
experimental strategy can be conveniently applied to other samples and also for the cases
that require lower spinning speeds.
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Figure VI.6: Comparison of 2D-FT and 2D-covariance processed spectra of individual
spin-pairs of *Cs L-Histidine.HCI recorded with 16 indirect dwell increments, in a total
~30 min of experimental time. The 2D-FT processed NMR spectra of C6-C5 and C3-C4 are
shown in (a) and (c), respectively. Their corresponding 2D-COV processed NMR spectra

are shown in (b) and (d).
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Figure VI. 7: Comparison of 2D FT UC2QF-COSY and 2D co-added Covariance-
processed SRUC2QF-COSY spectra of individual spin-pairs of *C¢ L-Histidine.HCI. The
UC2QF-COSY NMR spectra of l3C6 L-Histidine.HCI recorded at 4.2 kHz, 8.0 kHz and 13.0
kHz are shown in (a), (c) and (e), respectively. Their corresponding, co-added, covariance-
processed spectra of individual spin-pairs are shown in (b), (d) and (f).
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V1.5.3. Hadamard encoded multiple band (or frequency) -selective refocused UC2QF-
COSY of *Cs L-Histidine.HCl

The SRUC2QF-COSY experiments are repeated at 13.0 kHz sample spinning speed
for the **Cs L-Histidine.HCI molecule in multiple band (frequency) selective refocusing
modes with the optimized evolution time (3.0 ms). As demonstrated earlier, Hadamard
encoding facilitates the simultaneous selection of multiple spin pairs in a single experiment.
Accordingly, only one experiment is conducted (~ 30 minutes) for the two spin pairs, C6-
C5 and C4-C1 by selecting four resonances (C1-C4-C5-C6), instead of recording two
separate SRUC2QF-COSY experiments.

In another spin combination, C5-C3-C4 spins are selectively refocused with the
three band-selective Hadamard encoded selective r pulses. Herein, C3 is common spin for
both the C5 and C4, thus the cross-peaks are of relatively low intensity, when compared to
the double selective SRUC2QF-COSY experiments (Figure V1.8 and Figure VI1.9). The
total experimental time required for the above two Hadamard encoded spin combinations
is ~1 Hrs, whereas the corresponding double band-selective SRUC2QF-COSY and
UC2QF-COSY are recorded in ~2Hrs and ~ 9 Hrs, respectively.
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Figure VI1.8: Comparison of 2D-FT and 2D-covariance processed spectra of different spin
combinations of **Cg L-Histidine.HCI recorded with 16 indirect dwell increments, in a total
~30 min of experimental time. The 2D-FT processed spectra of C6-C5-C4-C1 and C5-C3-
C4 are shown in (a) and (c), respectively. Their corresponding 2D-CQOV processed spectra
are shown in (b) and (d).
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Figure VI1.9: Comparison of 2D UC2QF-COSY (a) and 2D co-added covariance
processed SRUC2QF-COSY (b) spectra of two different spin combinations of **Cg L-
Histidine.HCI are recorded at 13.0 kHz of sample spinning speed. Hereby, the spin
combinations C6-C5-C4-C1 and C5-C3-C4 are depicted in red and blue colours,
respectively.

V1.5.4. UC2QF-COSY experiments of *Cs FSAA

The UC2QF-COSY experiment of *Cs-FSAA is recorded at 10.0 kHz of sample
spinning speed with the mixing time (t) value of 2.0 ms and the required acquisition time is
~ 9 Hrs (Figure VI.11). Thus, UC2QF-COSY of **Cs-FSAA demands a longer acquisition
and the recorded spectrum is inferior in the sense of cross-peak intensity at higher spinning
speeds, as well. However, as described for **Cg L-Histidine.HCI molecule, re-introduction
of spin-spin commutation facilitates the acquisition of spectrum in relatively short times,

with optimum cross-peak sensitivity.

V1.5.5. Double band-selective SRUC2QF-COSY experiments of *Cs FSAA

The SRUC2QF-COSY spectra are recorded for commuted spin pairs of *Cs FSAA,
at 10.0 kHz of sample spinning with the optimized mixing time (t) values 4.0 ms and 7.0
ms for the directly bonded and long-range spin pairs, respectively. The selective refocusing
of two resonance bands in each experiment requires only minimal acquisition times, by
recording a less number of complex data points along the indirect dimensions. Herein, 16
complex increments are acquired along the indirect dimension followed by covariance

processing. The number of increments is sufficient to ascertain the chemical shift
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connectivity along the indirect dimensions. The long range correlation between C1-C5 has
also been established, which is not possible in the conventional UC2QF-COSY experiment
(Figure V1.10). The required spectral acquisition time for these each double band-selective
experiment (SRUC2QF-COSY) is only 30 min. Total five double band selective
experiments (spin pairs C1-C2, C2-C3, C3-C4, C4-C5 and C1-C5 ) are recorded for *Cs
FSAA molecule in ~ 2.5 Hrs. Later, all the double band-selective COSY spectra are co-
added to yield a spectrum equivalent to the full UC2QF-COSY with improved sensitivity
(Figure VI.11).
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Figure VI. 10: Comparison of 2D-FT and 2D-covariance processed spectra of C1-C5
spin-pair of **Cs-FSAA are shown in (a) and (b), respectively. The spectra are recorded
with 16 indirect dwell increments, in a total ~30 min of experimental time.
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Figure VI.11: Comparison of 2D FT UC2QF-COSY (a) and 2D co-added covariance-
processed SRUC2QF-COSY spectra of individual spin-pairs of **Cs-FSAA (b).

125



Selective Refocused Uniform Cross-peak.... Chapter-VI

V1.5.6. Hadamard encoded multiple band selective refocused UC2QF-COSY of *Cs
FSAA

Hadamard encoded multiple band-selective experiments are conducted for the three
independent spin combinations of **Cs FSAA. In first spin combination, C1-C2-C4-C5
spins are selectively refocused with the corresponding four Hadamard encoded frequency
selective wt pulses by creating spin-spin commutation between the two spin-pairs, C1-C2
and C4-C5. Thus, no signal loss is observed in the cross-peaks with respect to the
corresponding spin pairs in double selective refocusing method. Furthermore, only one
experiment is recorded for the four resonance bands in a ~30 minutes, instead of recording

two separated SRUC2QF-COSY experiments for these two spin-pairs.

In another spin combination, C2-C3-C4 spins are selectively refocused with the
three band-selective Hadamard encoded selective © pulses. Herein, C3 is a common spin
for both the C2 and C4, thus the cross-peak intensities are comparatively lower than that of
corresponding cross-peaks in the double selective refocusing UC2QF-COSY experiments
(Figure VI1.12). This is due to the enhanced damping of the magnetization among the
selected multiple spins. The total time required for the three spin combinations, including
the long-range spin-pair is ~1.5 hours, whereas the time taken for the double band selective
SRUC2QF-COSY and UC2QF-COSY is ~2.5 Hrs and ~ 9 Hrs, respectively.
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Figure V1.12: Comparison of 2D FT UC2QF-COSY (a) and its 2D co-added covariance
processed SRUC2QF-COSY (b) spectra of the different spin combinations of *Cs-FSAA
recorded at 10.0 kHz of sample spinning speed. Hereby, the three spin combinations C1-
C2-C4-C5, C2-C3-C4 and C1-C5 are depicted in red, blue and cyan colours, respectively.
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V1.6. Conclusion

A new pulse scheme, Hadamard encoded Selective Refocused Uniform Cross-peak
Singed Double Quantum Filtered COSY (SRUC2QF-COSY) is developed and
demonstrated its importance for the identification chemical shift assignments for solid-state
samples. The cross-peak intensities of UC2QF-COSY and SRUC2QF-COSY are simulated
at different spinning speeds for various spin-pairs in different spin-combinations, to find the
optimum evolution times. The experiments are conducted on a natural amino acid residue
(*Ce L-Histidine.HCI) and an important foldamer building block *Cs-FSAA. Sideband
free and sensitivity improved spectra are recorded even at lower spinning speeds, by
restricting the damping terms (spin-spin coupling and spin-spin relaxations) only to the
directly bonded spin-pairs. Moreover, data is acquired in a small number of indirect dwell
increments and processed with the covariance method, which reduces the experimental time
significantly. These experimental strategies may have significant potential in Biomolecular
solid-state NMR.
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Chapter-VII

Spectral simplifications in solution-state NMR

Real-time homonuclear broadband and band-selective
decoupled pure-shift ROESY
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VI1I.1. Introduction

The 'H-'H through-space distances estimated from nuclear Overhauser effect
(NOE/ROE) cross-peak intensities serve as important structural (distance) restraints and are
routinely used for conformational/configurational analysis of variety of synthetic/natural
organic molecules and biopolymers in solution-state. However, this abundant structural
information is often obscured due to overlapping 'H-'H scalar coupling (J) multiplets

spread over the limited chemical shift range.

Homodecoupling, as a means of suppressing scalar interactions for enhanced
spectral resolution, has been recognized for several years.**¥! Subsequent seminal
developments of broadband homodecoupling techniques to achieve complete collapse of
multiplets to pure-shift singlets, include: Zangger-Sterk (ZS)-decoupling scheme ' and its
refined variants for multi-dimensional NMR 149 that rely on spatially encoded excitation
in the presence of slice-selective z-gradient pulse. On the other hand, **C-isotope filtered
bilinear rotational decoupling (BIRD) ! based schemes are reported, which particularly
eliminate strong coupling effects " 2! and are also advantageous for obtaining fully
decoupled pure-shift HSQC.?*?®!  All these methods are fundamentally important and
genesis for developmental evolutions, but lack sufficient sensitivity and demand prolonged
experimental times and/or complicated acquisition/processing.  The BIRD-based
decoupling is restricted to protons attached only to the **C atoms, therefore the sensitivity is
limited to the ~1% natural abundance of **C. The sensitivity of the elegant ZS-methods
also limited to the signals originating only from the spatially encoded thin slice and to the
time-consuming additional pseudo 2D/3D mode data acquisition for 1D/2D spectra.
Alternatively, despite some loss in the sensitivity, Keeler and co-workers have shown a
unique way of achieving broadband decoupling by simply taking the 45° projection of the
diagonal-peak multiplets of anti z-COSY spectra ") or the chemical-shift dimension of J-
resolved spectra.?® Similarly, pattern recognition approach is also proposed ' which
involves an additional processing of the data.

Very recently, in a remarkable advancement, Zangger et al., have revived their
original ZS- method to an instantaneous (real-time) homonuclear broadband (HOBB)

decoupling B suitable for direct detection dimension, by periodically interrupting the FID
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B with ZS-decoupling block. This smart approach eliminates the pseudo dimension
acquisition and therefore greatly cuts down the long experimental time, although the
sensitivities are still limited due to the involvement of slice-selection. However, with the
largely available high-field NMR spectrometers, sufficient sample concentrations and faster
acquisition methods, BY the sensitivity loss can be minimized. Followed by this, Parella
and co-workers ®* *! have improvised the HOBB method for full sensitive and
instantaneous homodecoupled band-selective (HOBS) acquisition sequence that applies
selective BURP B excitation /refocusing pulses for the region of interest. As this strategy
does not involve slice-selection, high sensitivity comparable to that of regular non-
decoupled spectrum, is possible. These two techniques are complimentary to each other
and their combined application would provide a comprehensive approach for structural
characterizations, which have so far been utilized only for through-bond correlation
experiments, TOCSY, HSQC and HSQMBC.B% %2 %

VI11.2. Concepts

VI11.2.1. Selective excitation/refocusing during the spatial encoded gradients

The ZS-method employs the concept of slice-selective excitation by a weak
magnetic gradient field to decouple all spins: Different parts of the NMR sample
experience different magnetic field strengths when a linear gradient is applied. Therefore, a
location-dependent frequency shift Aw=y*G*s across the sample volume over a length of s
is established, with the gyromagnetic ratio of the observed nucleus y and the gradient
strength G. While the gradient is active, a selective pulse thus excites the whole spectrum.
However, different signals are excited in different parts of the sample, so that a spatially

resolved excitation is achieved (Figure VI1.1)

130



Real-time homonuclear broadband...ROESY Chapter-ViI

RF A ””'””lll“mm.,, RF a | I | ”””HI””HW T

“““muliltlluu il il Hﬂnl“mmm it

Excnatlon Zangger-Sterk

noA e )‘\ k
| |

|

Gz

Figure VII. 1: Schematic of slice selective excitation: The use of selective excitation during
a weak field gradient excites the whole spectrum, herein each signal is irradiated from the
different parts of the sample.

VI11.2.2. Homonuclear broadband decoupling during the slice selective gradients

Figure VII.2 represents the pulse sequence used for the broadband decoupling as
well as the magnetizations of the observed and decoupled spins. The decoupling is achieved
by using a combination of soft and hard = pulses. If the semi-selective pulse is applied in a
region A of the spectrum, the multiplet structure of J coupled signals resonating in a
different region B appear simplified while they are detected. This results in a complete
homonuclear broadband (HOBB) decoupled spectrum. It has to be taken into consideration
that decoupling during acquisition is only possible if no chemical shift evolution occurs,
while the acquisition is interrupted (~1/3 (3Jun)).
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Figure VI1.2: 1D HOBB pulse-sequence and the magnetization vectors for slice-selective
decoupling during acquisition are shown in a) and b), respectively.

VI11.3. Results and Discussion

It is very essential to extend these advanced homo-decoupling strategies for
through-space correlation studies as well. Moreover, pure-shift band-selective NOESY
sequence is reported by the research group of Bax, * which is suitable for large molecules.
However, for medium-size molecules (~ 1 kDa), ROESY is more appropriate. Particularly,
the target-specific activity of synthetic / natural organic molecules and small secondary
structures is often related to their specific conformations, which have to be established by
accurate means. In this regard ROESY serves as indispensible tool for medium-size
molecules in solution-state, and the real-time pure-shift ROESY schemes, that do not
involve time-consuming pseudo-dimension acquisitions and special processing, have not

been reported so far. The present work fulfils this immense requirement.

Herein, new real-time pure-shift HOBB-ROESY, and HOBS-ROESY pulse
sequences (with decoupling during direct acquisition dimension-F2) are developed for

broadband and band-selective applications, respectively, which provide enhanced
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resolution. The HOBB-ROESY facilitates full-decoupling over the entire spectrum, but
with low sensitivity. Whereas, the HOBS-ROESY vyields high sensitivity over the selected
band, which is comparable or even higher to that of the conventional non-decoupled
spectrum. It is known that the coherence magnetization transfer by TOCSY causes
undesired interferences/overlaps in ROESY, % ¥ which have to be suppressed for accurate
determinations of through-space connectivities. The proposed pure-shift ROESY schemes
are essentially hybrids of the advanced HOBB/HOBS and the jump-symmetrised (JS)
ROESY blocks B *! that provide optimal suppression of possible TOCSY-transfer and
resonance offsets as well. The importance and versatility of these schemes are exemplified
for two different types of organic molecules. The first sample, Erythromycin-A, B is a
three-domain molecule that exhibits a complex 'H spectrum with extensive scalar
couplings. The second sample is a four-residue hybrid peptidic oligomer comprised of 1:1
natural o- and rigid unnatural B-Furanoid Sugar amino acids (B-FSAA, with additional
carbon atom along the backbone).™® The later referred to as ASAS, represents the class of
‘foldamers', [*!J that adopt well-defined secondary structures and hydrogen-bond patterns
akin to proteins, even at oligomer level and can also serve as antagonists for protein-protein
interactions.*? Unambiguous assignments of *H resonances and estimation of ROE-cross-
peak integrals, particularly for the crowded non-amide regions, are crucial to establish the
actual folding pattern and the relative positions of side-chain groups. Multiplet-free pure-
shift ROESY would be of great advantage for such interesting molecules.

VI11.3.1. HOBB-ROESY and HOBS-ROESY schemes

Figure VII1.3a and 3b depict the pulse sequences used for real-time homodecoupled
broadband (HOBB) and homodecoupled band-selective (HOBS) ROESY, respectively.
They operate in the instantaneous mode (no additional pseudo dimensions are required) and
provide simplified spectra with enhanced resolution. The initial part of the sequence
contains an improvised JS-ROESY block B with spin-lock pulses bracketed by adiabatic
ramps, 8 which is also referred as EASY-ROESY, to facilitate a high sensitive spectra
with successfully minimized offset dependences and TOCSY cross-peaks. Herein the

mixing time T, IS divided into two equal parts, during which continuous wave spin-lock
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fields corresponding to low and high field regions of the spectrum, respectively, are applied
sequentially. This significantly averages out the offset dependences of the cross-peak
intensities. Further, the spin-lock fields are set outside of the spectral region to facilitate an
optimal Hartman-Hahn mismatch and hence to effectively suppress the TOCSY transfer.
However, the direction of the spin-lock axis undergoes a change during the switching from
low to high spin-lock field, which has to be compensated. The adiabatic ramps p and g
provide the necessary correction by rotating the magnetization from the z-axis to spin-lock
axis and back. Finally, the conventional 90° observe pulse at the end of the ROESY block
is replaced by HOBB or HOBS decoupling block.

Accordingly, in the resultant HOBB-ROESY sequence (Figure VI1.3a), the
ROESY -filtered z-magnetization is subjected to slice-selective excitation by 90° EBURP
(e) in the presence of gradient G3. The broadband decoupling is accomplished through
interrupting the acquisition in n number of intervals (30 for ASAS and 20 for
Erythromycin-A) with a combination of hard 180° and soft 180°slice-selective Gaussian (g)
refocusing pulses. " Similarly, the HOBS-ROESY sequence is constructed for band-
selective decoupling (Figure VII. 3b), by essentially replacing the slice-selective 90°
EBURP of HOBB with a combination of hard 90° and band-selective REBURP refocusing
pulses. Subsequently, the band-selective decoupling in the direct observe dimension is
achieved through interrupting the acquisition in n number of intervals (30 for ASAS and 20
for Erythromycin-A) with a combination of hard 180° and soft 180° band-selective
REBURP (r) refocusing pulses. Importantly, contrary to HOBB, this scheme does not
involve slice-selective gradient pulses at any stage of excitation/refocusing and hence the
sensitivity is not limited by the signal arising only from a narrow selected slice. However,
it is important to note that, although the HOBS provides a well-simplified and high-
sensitive spectrum, the residual scalar couplings within the selected band of frequencies
cannot be eliminated, which may not be a limiting factor for favourable cases. The HOBB-
ROESY provides complete pure-shift spectrum in a single experiment, whereas the HOBS-
REOSY has to be conducted for each region of interest. If necessary, for complex
molecules, the HOBS-ROESY analysis can be easily verified with the full broadband
decoupling scheme, HOBB-ROESY, at the expense of time.
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Figure VI1.3. Real-time pure-shift ROESY pulse sequences with Homonuclear Broadband
decoupling (HOBB) and Homonuclear Band selective (HOBS) decoupling in the direct
acquisition dimension: The corresponding pulse-schemes for recording HOBB-ROESY
and HOBS-ROESY are shown in (a) and (b), respectively. The filled and open rectangles
represent the 90 ° and 180 ° pulses, respectively. The p and g are half Gaussian shaped
pulses of 1 ms length. The p pulses rotate the magnetization from Z-axis to spin-lock field
and q pulses flip back the magnetization from spin-lock field to Z-axis. The filled semi
ellipsoid, ‘e, represents the 90 °EBURP B% shape pulse (53.5 ms) applied during the slice-
selective gradient that corresponds to 100 Hz bandwidth. The open semi ellipsoids, ‘Q’ and
r’ represent Gaussian and REBURP B34 shapes, respectively. Herein, Gaussian 180 °pulse
of 8.8 ms (bandwidth of 100 Hz) is applied during slice-selection gradient. For a given
sample, the applied EBURP and Gaussian pulse lengths are same in all the experiments.
Specific to the sample and the corresponding bandwidth of interest, the REBURP pulse
lengths have to be optimized, which is simple. The REBURP pulse lengths of 9.0, 11.7 and
1.9 ms are used to refocus the methyl (~1.6 to 0.7 ppm), CH; (~2.1 to 1.4 ppm) and the rest
of the spectral (~5.3 to 1.9 ppm) regions of Erythromycin-A, respectively. Similarly,
REBURP pulse of 4.2 and, 3.7 ms duration, are used to refocus the Ha+Hp+Hy (~4.2 to
2.9 ppm) and NH (~9.0 to 6.3 ppm) regions of ASAS, respectively. The number of dwelling
points/sweep-width along the direct dimensions are equal to 4096/3.5 kHz, 8192/7.0 kHz
are used for Erythromycin-A and ASAS, respectively. The corresponding acquisition time is
~585 ms. The number of decoupling interruptions n equals to 30 and 20 for ASAS and
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Erythromycin-A, respectively. Specific parameters for pulse sequence (a): Phase cycling:
DL=X X =X =X XXX Y, Y, VY, Y dec=X X -X X, Y, Y, -y, ¥; Pulsed field
gradients: G;, = 31%, G,=11%, Gs= 1% (Erythromycin-A) or 2% (ASAS), G,=11%;
Gs=11(Erythromycin-A) or 31% (ASAS), respectively, of 53.5G/cm gradient strength in 1
ms duration. Specific parameters for pulse sequence (b): phase cycling: ¢ =X, -X; & = X;
&= X XXX Y, Y YL Y dee = X, X, X, X, Y, <Y, Y, Y; Pulsed field gradients: Gy (1 ms) =
31%, G, (1 ms)= 11% ; G3 (0.5 ms)= 23%, G4 (0.5 ms) = 41% and Gs (0.5 ms)= 60%
(methyl region and the rest of the regions of Erythromycin-A; Ha+HgS+Hy region of
ASAS), Gs (0.5 ms)= 40% (CH. region of Erythromycin-A) and Gs (0.5 ms) = 80% (NH
region of ASAS), respectively of 53.5G/cm gradient strength. The pulsed field gradients are
optimized for every experiment separately. The pulse sequences are developed and
experimentally verified on Bruker Avance-I11 700 MHz NMR spectrometer.

V11.3.2. Pure-shift HOBB and HOBS-decoupled *H spectra

Figure VIL4 illustrates the comparison of the normal non-decoupled, pure-shift
HOBB and HOBS-decoupled 1D *H spectra of Erythromycin-A and ASAS, under identical
experimental conditions. A remarkable increase in the chemical shift resolution with
complete collapse of scalar couplings is achieved for HOBB-decoupling. However the loss
in the signal sensitivity is ~95 %, which is expected as the excitation and refocusing have
been performed during the slice-selective gradients. In the Figure VII1.4, the low intensity
(4 to 8 %) HOBB-decoupled spectra of these samples are vertically magnified by a factor
of 256, with respect to the corresponding conventional non-decoupled spectra. On the
other hand, dramatic improvement in the sensitivity (106 to 210 %) of the pure-shift spectra
has been obtained for the HOBS decoupling, which matches that of the conventional
spectra (Figure VII.5). Further, it is noticed that both the HOBB and HOBS decoupled
spectra exhibit low-intense side-bands 17 * (~
shift resonances, separated by 2n/AQ = 66 Hz (Figure VI1.6). These side-bands did not

6%) flanked on the either sides of the pure-
hamper the present analysis at any stage. However, intense side-bands may be of

significant concern for accurate estimation of ROEs, particularly if they overlap with the

pure-shift resonances.
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In ASAS, the well dispersed downfield NH region represents the characteristic
signature of a secondary folding and is consistent with their possible involvement in
hydrogen bonding, akin to natural proteins. Nevertheless, though the HOBS spectra are
sufficiently simplified with enhanced sensitivity, the regions correspond to non-methyl/CH,
protons of Erythromycin-A and Ho/HB/Hy protons of ASAS have still shown residual
couplings due to the presence of their coupled partners within the selected band. The trade
of sensitivity for selectivity or vice-versa cannot be avoided in the homodecoupling
experiments. Overall, the complete and unambiguous spectral assignment has been
accomplished with both the decoupling methods. As mentioned above, for specific cases,
the application of both these techniques would be of exceptional advantage to resolve

ambiguities, if any.
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Figure VII.4: Comparison of normal 1D (single 90° pulse), homonuclear broadband
(HOBB)-decoupled and homonuclear band-selective (HOBS)-decoupled 'H spectra of
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Erythromycin-A (2.1) (50mM in CDCl3; ) and ASAS (2.11) tetramer (30mM in DMSO-dg).
All the spectra are recorded at 300K with a same receiver gain and number of scans (4)
and other experimental conditions at 700 MHz. The regular *H spectra of Erythromycin-A
(l.a) and ASAA tetramer along with its expanded Ho/HP/Hy region (Il.a) show spectral
complexity due to scalar couplings. The corresponding HOBB-decoupled spectra, I.b and
I1.b, respectively, show high-resolution spectra with complete collapse of scalar couplings.
Due to the poor signal sensitivity, the intensity of these two HOBB spectra are vertically
scaled up by a factor 256, with respect to the regular coupled-spectra (I a and Il a). As
explained in the text, the huge loss (~95%) in signal intensity is because of the signal
originated from a thin slice (~100Hz) of the sample. On the other hand, in the case of
HOBS, the signal is originated from the whole sample, due to which a dramatic increase in
the signal intensity with respect to the HOBB decoupling, and comparable to that of the
regular non-decoupled 'H spectra, is evident. ~The HOBS-decoupled 'H spectra
corresponding to CH,, methyl and the rest of the spectral regions of Erythromycin-A are
shown in (I.c), (1.d) and (l.e), respectively. Similarly the HOBS-decoupled *H spectra of
Ha/HpB/Hy (with expansion) and NH regions of ASAS are shown in (Il.c) and (Il.d),
respectively.
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Figure VI1.5: Comparison of 1D conventional non-decoupled *H spectrum (A), HOBB-
decoupled (B) &(C), and HOBS-decoupled (D) spectra of Erythromycin-A recorded at
identical experimental conditions. The HOBB spectra are plotted at two different vertical
scaling factors 1 (B) and 256 (C), with respect to the corresponding conventional spectrum
(A). The HOBB provides high-resolution pure-shift spectra with complete suppression of
multiplets spread over the entire spectral range, but suffers a heavy signal loss (~93%) in
the signal intensity as explained in the main text. For HOBB, no signals are realized at
the vertical scaling factor -1 (with reference to that of the conventional spectrum). The
same spectrum is vertically magnified by a factor 256 (C) to realize all the pure-shift
resonances.
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Figure VI1.6: Comparison of expanded regions of HOBB-decoupled spectrum along with
the observed side-bands (A) and the corresponding conventional non-decoupled spectrum
(B) of Erythromycin-A. The sideband intensities are ~6% of the corresponding pure-shift
resonances and are positioned at 2n/AQ (Hz) where, n=20, AQ =0.585s.
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V11.3.3. 2D Pure-shift HOBB-ROESY and HOBS-ROESY

ROESY is specifically required for the analysis of mid-size molecules (wtc~1,
NOEs are close to zero or weak at typical high magnetic fields) such as Erythromycin-A
and ASAS, which however is normally impeded by the TOCSY and offset interferences. It
is important to eliminate these interferences in the pure-shift ROESY experiments, for
accurate estimations of the cross-peak integrals. The pure-shift HOBB-ROESY and
HOBS-ROESY schemes proposed herein demonstrate efficient suppression of these
interferences and yield enhanced spectral resolution over the conventional ROESY (Figure
VII.7 and Figure VIL.8). The Figure VIL7 illustrates the expanded regions of regular
ROESY (~1 hour/ 8 scans/ 256 increments), HOBB-ROESY (~15 hours/ 96 scans/ 256
increments) and HOBS-ROESY (~1 hour for each region / 8 scans/ 256 increments) for the
Erythromycin-A. It can be seen in the regular ROESY (Figure VII.7a), the H11->H4 ROE,
which is important to determine the conformation of the macrolide lactone ring, is severely

overlapped with H14. On the other hand, a dramatic increase in the resolution has been
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obtained for the same by using HOBB-ROESY (Figure VI1I.7b) and HOBS-ROESY (Figure
VIL7¢). Similarly, the H10-> H19, H10-> H20 and H10-> H21 ROE cross-peaks are well
resolved in HOBB (Figure VII.7e) and HOBS-ROESY (Figure VII.7f), whereas they are
obscured in regular ROESY (Figure VIL.7d). It implies that these pure-shift ROESY
methods facilitate the measurement of more number of resolved ROE integrals (distance

restraints), which aid the structural analysis with improved accuracy.

The structure/target-based design and development of small-molecular scaffolds is
the central goal of foldamer research, which necessitates accurate estimation of ROE
connectivities to establish the correct secondary folding and the resultant relative
positioning of functional side-chains, so that they can be explored for specific molecular
recognitions. The Figure VI11.8 shows the expanded regions of regular ROESY (~2 hours
/16 scans/ 256 increments), HOBB-ROESY (~65 hours /384 scans/ 256 increments) and
HOBS-ROESY (2 hours /16 scans/ 256 increments), of four-residue ASAS foldamer
molecule. In the regular ROESY (Figure VI1.8a), the intra and inter-residue ROEs are
poorly resolved due to the obscuring scalar-coupling multiplets. Particularly, the periodic
inter-residue ROEs: 2NH->1Ha, 4ANH->3Ha, 3ANH->1Ha, 4NH->3NH, 3NH->2NH and
2NH->1NH, which are important for establishing the secondary folding for hybrid peptidic
oligomers, are observed to be complex and ambiguous. However, the HOBB-ROESY and
HOBS-ROESY schemes could greatly resolve these ambiguities and establish that the
ASAS tetramer adopts helical folding with 11-membered NH;-CO;.3 hydrogen bonding.
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Figure VI1.7: Comparison of expanded regions of conventional, HOBB and HOBS-ROESY
spectra of Erythromycin-A (50mM in CDClIj; solvent), recorded at 700 MHz magnetic field
with 300 ms of mixing time. The expanded regions of regular ROESY spectra are depicted
in (@), (d) and (g). The corresponding expanded HOBB-ROESY spectra are shown in (b),
(e) and (h), and the expanded HOBS-ROESY spectra for CH,, CH3; and the rest of the
spectral regions, are shown in (c), (f) and (i), respectively. The comparison clearly
highlights that the conventional ROESY shows completely overlapped cross-peaks for H11-
14 and H11-H4 ROEs due to J-multiplicity (a). Whereas, this spectral complexity is
greatly suppressed and significant enhancement in the resolution has been achieved for
HOBB-ROESY (b) and HOBS-ROESY (c). The observed doublet like cross-peaks for H11-
H14 in HOBS-ROESY is due to the residual J-coupling between axial and equatorial
protons of H14, which cannot be suppressed within the band selection.
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Figure VI11.8: Comparison of expanded ROESY NMR spectra of ASAS (30mM in DMSO-dg
solvent) recorded at 700 MHz magnetic field with 300 ms of mixing time. The expanded
regions of regular NH/Ho. ROESY (a), (d) and (g) show poor resolution due to obscuring
scalar couplings. The corresponding highly simplified HOBB-ROESY spectra are shown in
(b), (e) and (h), and the HOBS-ROESY spectra are shown in (c), (f) and (i), respectively.
The HOBS-ROESY spectra are recorded by selecting Ha/HS/Hy and NH regions. It can be
seen that these homodecoupled ROESY schemes provide high spectral resolution with
respect to the regular ROESY. The sensitivity obtained for HOBS-ROESY is particularly

remarkable and matches with that of regular ROESY.
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In both the examples, the spectra are free from the undesired TOCSY and offset
interferences. It can be further seen that, expect for the signals those are scalarly coupled
within the selected band, the HOBS-ROESY spectra are identical to those of HOBB-
ROESY, in terms of enhanced-resolution.

V11.4. Conclusions

In conclusion, new homodecoupled broadband (HOBB) as well as band-selective
(HOBS) pure-shift ROESY sequences have been demonstarted, which utilize the recently
developed real-time ZS-based decoupling schemes for direct acquisition dimension, and
experimentally demonstrated for medium-sized organic molecules. Furthermore, the JS-
based mixing employed during the spin-lock periods of ROESY effectively suppresses the
undesired resonance offsets and interferences of TOCSY cross-peaks in ROEs. These
versatile pure-shift ROESY methods have been experimentally demonstrated for medium-
sized organic molecules, which resulted in dramatic improvement in the ROE cross-peak
resolution and hence its estimation, compared to the normal ROESY. From the
conventional ROESY data, the estimation of specific ROE-integrals for the crowded
regions (for example, Figure VII.7a) was not possible. Nevertheless, despite the HOBB-
ROESY provides better resolution with complete suppression of multiplets, the penalty on
the sensitivity is significantly high and the method demands more experimental time. The
method is particularly useful for molecules that exhibit extensive scalar coupling network,
spread over the entire chemical shift range. On the other hand, the HOBS-ROESY has
provided simplified and full sensitive ROE cross-peaks comparable to that of conventional
ROESY, for each selected band. However, the spectra may carry residual J-couplings
among the protons within the selected band. These two experimental approaches are
complimentary to each other and may offer new possibilities for unambiguous structural
elucidations of, particularly, complex synthetic organic molecules and natural products.
The application of distance restraints derived from pure-shift ROE integrals in isotropic
medium along with the orientational restraints: heteronuclear RDCs, measured in
appropriate orienting media, may further enhance the accuracy of determinations of

conformations/configurations of complex molecules.
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VI1II1.1. Introduction

As discussed in chapter-vii, the inherent rich structural information in *H NMR
spectra is often obscured due to scalar multiplicity spread over the limited chemical shift
range. The very recent methodological advances in homodecoupling, particularly the real-
time pure-shift methods that effectively collapse the scalar multiplets to singlets, have
added new dimension to the NMR spectroscopy. ' 2 While the majority of real-time pure-
shift methods reported so far by various research groups address the through-bond
correlations with enhanced sensitivity, the chapter-vii provides through-space correlations:
pure-shift ROESY with HOBB as well as HOBS decoupling. In the light of these
developments, there is an immense scope to extend these real-time pure-shift
homodecoupling strategies to the other basic/routine pulse schemes to enhance the
capabilities of structural elucidation of complex organic molecules. The present chapter
brings out real-time pure-shift 2D adiabatic z-filtered spin-echo and constant time in-phase
COSY for organic molecules.

Spin-echo based experiments are of fundamental importance in NMR spectroscopy:
for example, (i) they are widely used to refocus chemical shift information along the
indirect dimension (ii) for suppressing inhomogeneous line-broadening and undesirable
protein backgrounds in the analysis of metabolite samples.®! Conventional 2D spin-echo
(J-spectra) facilitates the observation of scalar couplings along the indirect dimensions, but
suffers from poor resolution along the direct dimensions due to the conversion of phase
twisted dispersive line shapes to amplitude mode lines. Many 2D spin echo approaches for
measuring the scalar couplings have been reported,® which involve resolution
enhancement either by mathematical manipulations or special type of spectral
processing/reconstruction, of the data. However, they exhibit artefacts at the feet of the
spectra and may cause significant distortions in the signal intensity and / or suffer from

poor sensitivity.

Recently, adiabatic z-filter spin-echo has been reported © for collapsing the
multiplets, which involves processing the data by symmetry based pattern reconstruction

algorithms. This approach is useful to generate fully homodecoupled spectra even in the
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presence of very strong couplings. Conversely, it is not helpful for scalar coupling

measurements.

In section-A, the pulse sequence that is a hybrid of both two-dimensional adiabatic
z-filtered spin-echo®® and the real-time ZS decoupling block™: i.e., homonuclear
broadband decoupled z-filtered spin echo (HOBBZFSE), has been developed to accomplish
pure absorptive mode J-spectra, which suppresses the scalar coupling multiplets along the

direct dimensions, without the need of any special processing methods.

Similarly, homonuclear correlation spectroscopy (COSY) is an important
experiment for routine small molecular characterizations. Several variants of COSY pulse
sequences, DQF-COSY (Double Quantum Filtered COSY),"® P.COSY (purged COSY),!*"
P.E. COSY (primitive exclusive COSY) ™ and CT-COSY (constant time COSY),*?
which are useful for identification of chemical shifts and measurement of "Juy scalar
couplings from the anti-phase multiplets, are known. However, the anti-phase multiplets
along the F1 and F2 dimensions reduce the cross-peak sensitivity, which is almost to zero

for the broad multiplets. The improvised version of E.COSY (exclusive COSY) ]

pulse
sequence is useful to monitor the spin-spin correlation as well as measurement of small
"Juu from the anti-phase multiplets with better sensitivity than that of DQF-COSY.

Some efforts to convert the anti-phase magnetization into in-phase magnetization in
the COSY sequences are reported earlier. Amongst these, one of the promising approaches
is based on the insertion of a 180° refocusing pulsest*”! such as in SUPER-COSY,!"
ISECR-COSY and DQF-ISECR-COSY (ISECR: in-phase cross-peaks).!®! In SUPER-
COSY, the cross-peak signals are observed in-phase while the diagonal signals are
observed in dispersive mode. However, in the case of ISECR-COSY, complete in-phase
spectra are observed only for longer refocusing periods, which compromises with the
sensitivity considerably. Further, the sensitivity of DQF-ISECR-COSY is even lower than

the ISECR-COSY due to the double quantum filter.

Subsequently, an advanced version of CT-COSY with z-filter (IP-COSY) "™ has
been reported, which generates fairly strong in-phase signals in both the dimensions and
still retain some residual anti-phase components. It is shown in the section-B of this

chapter, that the retained anti-phase components of COSY can be suppressed by using the
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versatile adiabatic zero quantum filter (z-filter) blocks, which relies on the spatial encoding
z-gradient during the adiabatic inversion pulse followed by a homo-spoil gradient.'® The
real-time HOBB decoupling block discussed in chapter-vii can be conveniently added to
the fully in-phase adiabatic z-filtered COSY NMR (HOBBIPZF-COSY) pulse sequences.
This method allows to record pure-shift COSY NMR spectra in a short time, which is much

more efficient compared to the known full-sensitive pure-shift nQF-CT- COSY sequences.
[19]

Section-A

VI1II.A.1l. Results and discussion

VIII.A.1.1. Real-time adiabatic z-filtered HOBB spin-echo pulse scheme (HOBBZFSE)

Figure VIII.A.1 depicts the pulse sequence used for 2D real-time homodecoupled
broadband adiabatic z-filtered spin-echo (HOBBZFSE), which operates in an instantaneous
mode (no additional pseudo dimensions are required) and provide simplified spectra with
enhanced resolution along with the coupling information. The initial part of the sequence
uses the adiabatic chirp shaped inversion pulses during the spatial encoding gradient (G1),
which, significantly averages out the zero-quantum magnetization. At the end of the
adiabatic z- filtered spin-echo, the conventional 90° pulse is replaced by HOBB decoupling
block for accomplishing high resolution. Herein, the zero quantum filtered magnetization is
subjected to slice-selective excitation by 90° EBURP (e) in the presence of gradient G2.
The broadband decoupling is accomplished through interrupting the acquisition in ‘n’
number of intervals (~20) with a combination of hard 180° and soft 180°slice-selective

Gaussian (g) refocusing pulses.
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Figure VII1.A.1: HOBBZFSE: Schematic diagram of real-time adiabatic z-filtered spin-
echo pulse sequence with Homonuclear Broadband decoupling (HOBB) decoupling during
the direct acquisition dimension. The filled and open rectangles represent the 90 °and 180 °
pulses, respectively. The chirp shaped inversion pulse of 20 ms length is applied during the
spatial encoding gradient (G1), which suppresses the zero guantum magnetization and
yields only in-phase signals. The filled semi ellipsoid, ‘€, represents the 90 °EBURP shape
pulse (53.5 ms) applied during the slice- selective gradient that corresponds to 100 Hz
bandwidth. The open semi ellipsoid, ‘Q’ represents the Gaussian shape, respectively.
Herein, Gaussian 180 ° pulse of 8.8 ms is applied during slice-selection gradient. The
number of dwelling points/sweep-width along the direct and indirect dimensions is equal to
4096/3.5 kHz and 128/50 Hz, respectively. The corresponding acquisition time is ~585 ms
and the number of decoupling interruptions is equal to 20. Specific parameters for the
present pulse sequence: phase cycling: ¢ = X; ¢ = X, -X; & = -X; & = X; ¢hec = X; pulsed
field gradients: G234 = 11%, 1-2%, 11% and 11-31%, respectively at 53.5G/cm gradient
strength in 1 ms duration. The pulse sequence is developed and experimentally verified on
Bruker Avance-111 700 MHz NMR spectrometer.

VII1.A.1.2. 2D Pure-shift HOBBZF-SE of Erythromycin-A

The Figure VIII.LA.2 compares the expanded regions of conventional adiabatic z-
filtered spin- echo (~18 min/ 4 scans/ 128 increments) and HOBBZFSE (~21 min/ 4 scans/
128 increments) for the Erythromycin-A. It is evident from the results that the crowded
methyl region of the conventional spin-echo spectra (Figure. VIII.A.2a) is dramatically
simplified in HOBBZFSE to clear singlets along the direct dimension and nice doublets are
observed along the indirect dimension of HOBBZFSE (Figure. VIII.A.2b). Similarly, the
H7ax, Hl4eq (Figure.VIII.A.2d) H3, H5” (Figure.VIII.A.2g) are clearly resolved in
HOBBZFSE and allows to quantify the scalar coupling as shown in Figure. VIII.A.2h. All
the HOBBZFSE spectra are free from multiplets and other artefacts due to zero-quantum
magnetization, thereby facilitates to measure the scalar couplings in complex organic

natural products as evidenced here.
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Figure VII1.A.2: Comparison of expanded regions of conventional 2D spin-echo and 2D
HOBBZFSE spectra of Erythromycin-A (50mM in CDCl; solvent), recorded at 700 MHz
magnet. The expanded regions of conventional 2D spin-echo spectra are depicted in (a),
(c), (e) and (g). The corresponding expanded HOBBZFSE spectra are shown in (b), (d), (f)
and (h). Herein, one dimensional projections are externally added and the numbering in
italic nearby projections depicts the protons of Erythromycin-A. The comparison clearly
highlights that the conventional spin-echo shows fully overlapped spectral peaks due to J-
multiplicity, whereas, this spectral complexity is greatly suppressed and significant
enhancement in the resolution has been achieved for HOBBZFSE.

VII1.A.2. Conclusions

In summary, a homodecoupled broadband adiabatic z-filtered spin-echo pulse
sequence, HOBBZF-SE is developed, which utilizes the real-time ZS-based decoupling
scheme for direct acquisition dimension. Furthermore, the adiabatic chirp inversion pulses
employed during the spatial encoded gradients effectively suppresses the undesired anti-
phase magnetization and generates pure in-phase spin-echo spectra. These versatile pure-
shift HOBBZFSE methods have been experimentally demonstrated for organic natural
product Erythromycin-A, which resulted in dramatic improvement in resolution along the
direct dimension, compared to the normal spin-echo. This method is particularly useful for

molecules that exhibit extensive scalar coupling network, spread over the entire chemical

153



Real-time pure-shift adiabatic..... Spin-echo & COSY Chapter-Vil

shift range. The application of scalar couplings measured from the present method, may
further simplify the determinations of conformations/configurations of small synthetic

organic molecules/ natural products.

Section-B

VII11.B.1. Results and discussion

VII1.B.1.1. Real-time adiabatic z-filtered HOBB COSY pulse scheme (HOBBIPZF-
COsY)

Figure VII1.B.1 depicts the pulse sequences used for recording the two-dimensional
in-phase COSY spectra. The conventional IPCOSY sequence that employs only homo-
spoil gradients and the IPZF-COSY that utilizes adiabatic z-filer along with the homo-spoil
gradients are shown in Figures VII1.B.1a and 1b, respectively. The real-time Homonuclear
broadband decoupled adiabatic z-filter COSY (HOBBIPZF-COSY) developed in the
present work and is shown in Figure VIII.B.1c. The HOBBIPZF-COSY operates in an
instantaneous mode (no additional pseudo dimensions are required) and provide simplified
completely COSY spectra with enhanced resolution. The initial part of the IPZF-COSY
sequence uses the constant time version during the t1 evolution, one more 180° pulse along
the direct dimensions followed by adiabatic chirp shaped inversion pulses during the spatial
encoding gradient (G4); which significantly removes the zero quantum-magnetization. At
the end of the IPZF-COSY, the conventional 90° pulse is replaced by HOBB decoupling
block for accomplishing high resolution. Herein, the zero quantum filtered magnetization is
subjected to slice-selective excitation by 90° EBURP (e) in the presence of gradient G5.
The broadband decoupling is accomplished through interrupting the acquisition in ‘n’
number of intervals (~20) with a combination of hard 180° and soft 180°slice-selective

Gaussian (g) refocusing pulses.
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Figure VII1.B.1: Schematic block diagram of z-filtered spin-echo pulse sequences (a) IP-
COSY, (b) IPZF-COSY and (c) HOBBIPZF-COSY with Homonuclear Broadband
decoupling (HOBB) decoupling during the direct acquisition dimension. The filled and
open rectangles represent the 90° and 180° pulses, respectively. The chirp shaped
inversion pulse of 20 ms length is applied during the spatial encoding gradient (G4), which
suppresses the zero guantum magnetization and yields only in-phase signals. The filled
semi ellipsoid, ‘e’, represents the 90 ° EBURP shape pulse (53.5 ms) applied during the
slice- selective gradient that corresponds to 100 Hz bandwidth. The open semi ellipsoid, ‘g’
represents the Gaussian shape, respectively. Herein, Gaussian 180 ° pulse of 8.8 ms, is
applied during slice-selection gradient. The refocusing periods Tc and Tm of 13 ms is
used. The number of dwelling points/sweep-width along the direct dimensions are equal to
4096/3.5 kHz, 8192/7.0 kHz are used for Erythromycin-A and quinine+quinidine mixture,
respectively. The corresponding acquisition time is ~585 ms. The number of decoupling
interruptions n equals to 30 and 20 for quinine+quinidine and Erythromycin-A,
respectively. Specific parameters for the present pulse sequence: phase cycling: @& = x,
X,_X,_X,y,y,_y,_y;¢2—X¢3 y1y1y1y1XXXX¢4 XXXXy1y1y1y1¢5 4(XX)4
(Y,-Y); =X, -X; dhec = 2 (X,-X,-X, X), 2 (Y,-Y,-Y, ¥); pulsed field gradients: G; 234567 = 11%,
11%, 31%, 11%, 1-2%, 11% and 11-31%, respectively at 53.5G/cm gradient strength in 1
ms duration.

VI11.B.1.2. Comparison of DQF-COSY, IP-COSY, IPZF-COSY and HOBBIPZF-COSY
spectra of Erythromycin-A

The Figure VIII.B.2 compares the expanded regions of DQF-COSY (~7 min / 4
scans/ 64 increments), IP-COSY (~7 min/ 4 scans/ 64 increments), IPZF-COSY (~7 min
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hours/ 4 scans/ 64 increments) and HOBBIPZF-COSY (~8 min/ 4 scans/ 64 increments) for
the Erythromycin-A. All the peaks of DQF-COSY are appeared as anti-phase contours
(Figure VII1.B.2a, Figure VII1.B.2e, and the traces of diagonal peaks and cross-peaks are
taken at the dotted line and highlighted by dotted squares and circles, respectively).
Similarly, residual anti-phase traces are retained for both diagonal and cross-peaks in IP-
COSY spectrum (Figure VIII.B.2b and Figure VII11.B.2f). However, they are completely
suppressed in IPZF-COSY spectrum, at the cost of bit sensitivity (Figure VIII.B.2c and
Figure VI111.B.2g). Thus, IPZF-COSY allows measuring the required scalar coupling with
better accuracy, when compared with the DQF-COSY and IP-COSY. On the other hand, in
the HOBBIPZF-COSY, the scalar multiplets of all the peaks (Figure VIII.B.2d) are
dramatically simplified to clear singlets along the direct dimension (Figure V1I1.B.2h) and
all the correlated cross-peaks are observed.
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Figure VI11.B.2: Comparison of expanded regions of DQF-COSY, IP-COSY, IPZF-COSY
and HOBBIPZF-COSY of Erythromycin-A (50mM in CDClI; solvent), recorded at 700 MHz
field strength are depicted in (a), (b), (c) and (d), respectively. The corresponding traces
are shown in (e), (f), (g) and (h), respectively. The respective traces of diagonal and cross-
peaks are taken at blue dotted line and highlighted by dotted square and dotted circles,
respectively. The comparison clearly highlights that the spectral complexity is greatly
suppressed and significant enhancement in the resolution has been achieved for
HOBBIPZF-COSY.
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VI111.B.1.3. 2D Pure-shift HOBBIPZF-COSY of mixture of Quinine and Quinidine

Figure VII11.B.3 compares the expanded regions of DQF-COSY, IP-COSY, IPZF-
COSY and HOBBIPZF-COSY (~14 min/ 4 scans/ 128 increments) for the mixture of
Quinine + Quinidine. The multiplets of all the peaks, (Figure VI1II.B.3a, VI1I1.B.3b, and
VII1.B.3c) are dramatically simplified to clear singlets along the direct dimension (Figure

VI11.B.3d) and unambiguous correlated cross-peaks are observed in HOBBIPZF-COSY.

a) ppm  b) ppm
% % “F10 e H k1o
0 0 e 3 ) I .
0 “ uw 0 g 6] m n’ i3 e
1 A ) |
0 0 !
‘20 il -2.0
% " 1 N & {/?:C ‘8 m “' ] " mo A
' 3 L] Y
o 2.5 ) ; . F25
S "o ¥ 1)
A % w % F30 QG OQ v m iﬁ‘ k30
% % Las © Fae
o 3.5 G 35
T T T T T T T T T T T T
30 28 26 24 22 20 ppm 30 28 26 24 22 20 ppm
¢) ppm d _J AA Jn L)L A lM . bpm
i G910 L Hilkro
: 4 b @
0 v & @ s ' (N 0 s
o k2.0 . i | 2.0
Cow . &7 "o B
0 ﬁ £ B (@ F2.5 : L o & °° F2.5
i 3 J A J
55: ~ i B %30 TRk | ) F3o
ﬁ : 9 Lis L I Ess
0 ).
T T ¥ T T T T T T T T T
30 28 26 24 22 20 ppm 30 28 26 24 22 20 ppm

Figure.VI11.B.3: Comparison of expanded regions of DQF-COSY, IP-COSY, IPZF-COSY
and HOBBIPZF-COSY spectra of mixture of Quinine + Quinidine (30mM in CDCl;
solvent), recorded at 700 MHz are depicted in (a), (b), (c) and (d), respectively. The
comparison clearly highlights that the spectral complexity is greatly suppressed and
significant enhancement in the resolution has been achieved for HOBBIPZF-COSY.

VI1I11.B.2. Conclusions

In summary, an improved version of in-phase adiabatic z-filtered COSY (IPZF-
COSY) pulse sequence and its real-time pure-shift homodecoupling (direct detection)
analogue HOBBIPZF-COSY have been developed. In contrast to IP-COSY, the adiabatic

chirp inversion pulses employed during the spatial encoded gradients effectively suppress
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the undesired anti-phase magnetization, thereby the cross-peaks of IPZF-COSY allows to
measure the accurate scalar couplings. Furthermore, the versatile pure-shift HOBBIPZF-
COSY methods have been experimentally demonstrated on Erythromycin-A and a mixture
of Quinine + Quinidine, which resulted in dramatic improvement in resolution along the
direct dimension, compared to the normal DQF-COSY, IP-COSY and IPZF-COSY. This
method is particularly useful for molecules that exhibit extensive scalar coupling network,
spread over the entire chemical shift range. These developments are expected open new
possibilities for unambiguous structural characterizations of small and medium size

complex organic molecules.
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