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THESIS OUTLINE

This thesis is presented as a compendium of publications. The structure has been
organized in five sections.

Introduction

This section contains a brief general explanation of some of the most
fundamental NMR concepts that are needed to understand 2D NMR
heteronuclear shift correlation NMR experiments. In turn, a general overview
describing the main features of existing NMR methods for the measurement of
heteronuclear coupling constants is also introduced.

Objectives

The main goals that led to the development of this thesis are detailed.

Results and Discussion

All new modern NMR methods developed during my PhD aimed to the
measurement of coupling constants in small molecules are presented as Original
Research Papers (Publications) in separate chapters.

Appendixes

In this section, additional related works that have not been published yet and
therefore they could not be included as Original Research Papers are reported.

Conclusions

A summary on the major conclusions extracted from this thesis are described.
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I. Introduction

1. Fundamental aspects of 2D heteronuclear shift correlation NMR
experiments

Proton—carbon coupling constants (J(CH)), as well as proton—proton coupling constants
(J(HH)) and Nuclear Overhauser Effect (NOE), play an important role in molecules containing
basically proton and carbon atoms, such as any type of organic-based compounds, natural
products and biomolecules®. They can provide information about structure, conformation and
dynamics of rigid and flexible molecules in solution, as well as they can serve as structural
validation methods, determine multiple-conformation states in cyclic and acyclic spin systems
or to be useful for the measurement of Residual Dipolar Couplings (RDCs) in molecules
dissolved in weakly aligned media.

As this work is basically focused in the development of novel Nuclear Magnetic
Resonance (NMR) methodologies for the measurement of several coupling constants, it is
important to introduce two of the most fundamental NMR concepts that have been used in
the design of novel pulse sequences: a) the inverse detection technique implemented in
heteronuclear chemical-shift correlation experiments and b) the incorporation of Pulsed Field
Gradients (PFGs) as a tool for coherence selection into such pulse sequences.

1.1 Inverse detection in NMR experiments

It is well known that sensitivity is one of the main problems in NMR. That fact is
especially evident in heteronuclear correlation experiments, where the low natural abundance
of the *C nucleus (1.1%) introduces an additional sensitivity penalty. In such NMR experiments
the relative signal-to-noise ratio (SNR) is proportional to

Iz
vc‘xcvdul
Equation 1

where Ve and yge: Stands for the the gyromagnetic ratio (y) of the excited and
detected nuclei, respectively?.

Four general schemes can be devised to perform a heteronuclear correlation
experiment, according to which spin is used as the initial magnetization source and which is
detected (Fig. 1.01).

! a) J. L. Marshall, Carbon—-Carbon and Carbon—Proton NMR Couplings: Applications to Organic Stereochemistry and
Conformational Analysis (Methods in Stereochemical Analysis) Verlag Chemie International. 1982. b) W. A. Thomas. Prog. Nucl.
Magn. Reson. Spectrosc. 1997, 30, 183. c) N. Matsumori, D. Kaneno, M. Murata, H. Nakamura, K. Tachibana. J. Org. Chem., 1999,
64, 866. d) M. Tafazzoli, M. Ghiasi. Carbohydr. Res. 2007, 342, 2086.

2
T. D.W. Claridge. High-resolution NMR techniques in organic chemistry, Elsevier, Orford, UK. 1982.
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Figure 1.01. General approaches to record 2D heteronuclear correlation spectra as a function of the excited and detected nuclei.
The relative sensitivities of each approach is compared for 'H correlation experiments with 3p, Bc or ®N.

Fig. 1.01D uses the well-known inverse detection technique, initially proposed in 1979
by Morris and Freeman®. Taking into account that yy/yc = 4, inverse detection enhances the
relative SNR by a factor of 32 in 'H-">C correlation experiments when compared with those
experiments that use direct detection of the heteronucleus (Fig. 1.01A vs Fig. 1.01D). The
enhancement arises from the transfer of nuclear spin polarization from spins with large
Boltzmann population differences (usually protons) to spins with smaller Boltzmann
population differences. The SNR increases as the y of the heteronucleus has a lower value and
the absolute sensitivity also depends of the natural abundance of the heteronucleus. Keeping
in mind these important features, the proton-detected inverse-correlation method has
become the universal adoption whenever possible in both chemical and biological NMR
spectroscopy, being extensible to 3D and higher multidimensional experiments of proteins and
nucleic acids.

1.1.1 The INEPT sequence

An important building block in modern NMR spectroscopy is the INEPT® (Insensitive
Nuclei Enhanced by Polarization Transfer) pulse train (Fig. 1.02).

| a2 | a2
a b ¢ d e f

S

Figure 1.02. Basic INEPT pulse sequence. Narrow and wide bars indicate 902 and pulses 1802 pulses, respectively. The inter-
pulse A delay is set to A=1/(2-J;s)

3 G. A. Morris, R. Freeman. J. Am. Chem. Soc. 1979, 233, 760.
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I. Introduction

In what follows, an extensive analysis using the Product Operator Formalism” is made
to understand the way how INEPT works. Let us consider a IS spin system where | nucleus
(usually *H) is coupled to a heteronuclear S spin (usually *C or **N), with a J(IS) coupling value:

e Initially, at point a, magnetization is at its equilibrium position along the z-axis (l,)
e The 909(x) | pulse rotates the magnetization of the | spin from z-axis to the transverse
xy-plane (point b)

e Then, during the evolution A/2 delay (A=1/(2J;s)) the magnetization components evolve
simultaneously under both chemical shift and coupling constant effects. For clarity,
these effects are shown separately. Thus, at point c we have

21J A

-l -1,cos(mJ A)+21,5 sin(mJ .A]

[ QA

-l,cos(QA) + | sin(C4)

e Then, the 1802(x) | pulse (point d) inverts the | magnetization along the x-axis

-l cos(md A)+21,5 sin(md A) -l cos(Q A)+ sin(QA)
180, 180,
+| cos(mJ A)+21,S sin(m A) +| cos(QA)+] sin{QA)

whereas the 1802(x) S pulse inverts the a/B- labels of the doublet | component

+| cos(mJ A)+21.S sin(1m)A) +l cos(Q AN+ sin(Q.A)
180,° | 180"
+| cos(m A)-21,8 sin(1rJ .A) +| cos(Q AN+ sin(QA]

e At the end of the second A/2 delay (point e), the chemical shift of | has been refocused
to its original position

4
O. W. Sorensen, G.W. Eich, M. H. Levitt, G. Bodenhausen, R. R. Ernst. Prog. Nucl. Magn. Reson. Spectrosc. 1983, 16, 163.
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QA 4| cos(QA)cos(QA

+l.cos(QA)+H sin(QA) —— LSO ACaslOA - |,cos(QA)sin{QA]

- | sin{Q.A)sin{Q.A)

o opr®

g

+l cos’(DA) - | sin"(QA)

cos'8 + sinfl = 1

whereas the components of the heteronuclear J(IS) coupling constant are in anti-phase
(AP) mode along the x-axis, in the form of 21,S,.

+| cos(md A)cos(md A)
2l A .- 215 cos(md A)sin(rd,A)
-21,8 sin(mJ A)cos(mmd A)
= | sin({mJ A)sin(md . A)

}

+| [cos’ (1 A)-sin’(md A)] - 21,5, [2cos(mrd A)sin(Trd A)]

CoOsL(Q)=Cosb-8nk
I M By D rraiBo i nl
siNC B = L00E5I0Y

+| cos(2md,A) - 21,5 sin(2mJ A)

+l,cos(mdA)-21,S sin(mdA)

e Finally, at point f, a 902(y) | pulse generates zz-magnetization in the form of 21,S,

90,
+l cos{2mJ4) - 21L.S sin(2mdA) —— 4 cos(2mJ A)-21,5 sin(2w) A]

and a 909(x) S pulse returns the magnetization to the xy-plane but now converted into
S anti-phase magnetization with respect to the | spin, in the form of 21.S,.
, 90" 4 cos(2mJ A)-21,S sin(2mJ A
+1,cos(2md,A)21,Ssin(2ml A) — ., *hcos(2ml4)-21.8 sin(2ml,A]

Nowadays, the INEPT pulse train constitutes a key block in most of modern
multidimensional NMR experiments.
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1.2 Pulse Field Gradients in NMR experiments

1.2.1 Fundamentals

In the early 90s, another major step was made after the incorporation of Pulsed Field
Gradients (PFGs) as a method for coherence selection in high-resolution NMR spectroscopic
techniques®. During a PFG (applied for a short period of some milliseconds) a spatial
inhomogeneity along a specific axis of the static By field is created in such a way that the
magnetization is dephased. This spatially dependent phase created is given by

(r,1)= sB,(1)1Zpy
Equation 2

where s is a shape factor, By is the spatially dependent (r) magnetic field and p and y
are the coherence order and the gyromagnetic ratio, respectively, of the individual j nuclear
spins involved. It is assumed that in modern NMR spectrometers gradients are applied
preferably along z-axis, so that the magnetic field produced by the PFG varies linearly along z-

axis according to
B,(r)=Gz

Equation 3

where G is the gradient expressed in G-cm™. As a result, all the magnetization that is
not located along the z-axis is dephased during the gradient and apparently lost. However, this
loss can be further recovered by properly applying another PFG, restoring thus part of the
magnetization (Fig. 1.03).

T — | S T —
r— _-._' L - - | r_ — _-'\-\.
- ——= Dephasing ~——| Refocusing ~——
PFG PFG

-__,-+  —— | .1 —— L = :_I
e bkes=t sy
- = =
|I _ II - | T ! ]
I" -'.I .'-

4 .,

Figure 1.03. General strategy followed in gradient-based NMR experiments. First, a dephasing gradient is applied to generate a
spatially-dependent phase. Then, in another part of the pulse sequence, a refocusing gradient is applied to recover the selected
signal, as a function of the involved coherence orders.

To describe the effects of PFGs, it is convenient to convert the Cartesian operators I,
and |, in terms of raising and lowering operators I" and ', respectively

> T. Parella. Magn. Reson. Chem. 1998, 36, 467.
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I'= 1+ il,
=1, -il

Equation 4

The evolution of the magnetization during a pulse sequence can be followed using the
Coherence Transfer Pathway (CTP) (Fig. 1.04), which shows how the coherence orders (p)
change during a pulse sequence. The coherence orders can be classified as:

Single quantum coherences have p = 1.
Double quantum coherences have p = £2.

e Zero quantum coherence, as well as z-magnetization and zz-terms, have p = 0.

a0
P=+1 .‘-'IIFII'III'II'IIII
P:D ﬂ

p=-1

Figure 1.04. CTP diagram for a single pulse 1D experiment. The solid line represents the selected CTP of the detected
magnetization. The dotted line represents the mirror-image pathway that is rejected.

When building a CTP diagram there are some arbitrary rules that we have to take into
account for a proper analysis and interpretation:

e The starting point for any pulse sequence is always p =0 (1,).

e By convention, the receiver detects single quantum (SQ) coherences p = -1.

e The coherence order can only be changed by the application of pulses. p does not
change during inter-pulse delays.

e The evolution under chemical shift generates the corresponding sine/cosine
modulations:

I° ot IFcos(pQt) - Psin(p0t)

whereas evolution under scalar J-coupling effects generates in-phase/anti-phase
terms:

I it I'cos(mrdt) - 2il'S_sin(TrJt)

2i's, ™. 2i1's cos(mmt) - I'sin(mrdt)
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The initial 902 pulse only creates SQ coherence with p = +1 (Fig. 1.04).

90,

A, =i2(I- 1)

A second 902 pulse applied on transverse magnetization can create any coherence
order.

A pulse applied on the nucleus | only changes the coherence order of this specific
nucleus, and not those of any other nucleus.

A 18092 pulse changes the coherence order from +p to —p, or vice versa.

When PFGs are applied to select a specific CTP, only those CTPs in which the sum of
the dephasing effects of each individual PFG applied throughout the entire sequence is
zero just prior to acquisition will be detected. This is the so-called refocusing condition:

i_s,G,T,{Ep_v_:} =

Equation 5

Assuming that all the gradients have the same shape and the same length, the
refocusing condition can be simplified to:

2G(2py) =0
Eduation 6
1.2.2 Usage of PFGs
PFGs are used with two basic objectives:

a) For purging purposes:

e Phase errors. To minimize the phase errors originated by chemical shift evolution
during the application of a gradient, PFGs are usually inserted into spin echo
blocks.

180° 1807

e As a z-filter, by including a PFG into two 902 pulses so that any coherence p=0 is
selected whereas any transverse magnetization will be efficiently dephased.



1.

Fundamental aspects

G,

e For refocusing purposes. Inherent imperfections of 1802 pulses will be removed
when two equal gradients flanked it. Transverse magnetization that does not
experience the 1802 pulse will be also dephased.

.

A2 W A2

G,

e For inversion purposes when a 1809 pulse inverts magnetization from I, to —I,, or
vice versa. Dephased undesired coherences will be refocused if the second
gradient is applied in the opposite sense to the first gradient, so that any residual
transverse magnetization created by imperfect 1802 pulses will be efficiently

removed.

180°

e During heteronuclear magnetization transfer, as an easy way to remove
unwanted magnetization when a pair of simultaneous 902 pulses is applied to
transfer magnetization between two J-coupled heternonuclei. Such particular
state is known as zz-filter.

W

10
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For selection of a coherence transfer pathway

For coherence selection, as an alternative to use extensive phase cycling
strategies. The goal is to select the magnetization that has followed a desired
pathway and remove those that have followed any other pathway.

1.2.3 Advantages and drawbacks of PFGs

Regarding the use of PFGs for coherence selection it is worth it to highlight a complete
set of different features:

a)

1.3

A reduction in the number of phase cycling steps needed for the suppression of
unwanted artifacts.

They can lead to a significant decrease in experiment acquisition times.

Reduction of t; noise in 2D NMR spectra.

Achievement of clean spectra.

Efficient suppression of undesired signals. The best example is the suppression of
'H-12C magnetization in inverse NMR experiments of natural abundant molecules.
Better solvent suppression.

A reduction in the dynamic range.

Higher versatility in pulse sequence design.

New experiments, like the measurement of translational diffusion coefficients and
DOSY application.

As an inconvenient, the use of PFGs for coherence selection produces a theoretical
decrease in terms of SNR with respect to the original phase-cycled experiment
because only one pathway can be selected. In multidimensional experiments this
factor can be of v2.

The HSQC experiment

1.3.1 Basic pulse scheme

The Heteronuclear Single Quantum Coherence (HSQC) experiment® (Fig. 1.05) can be
considered as one of the most emblematic pulse sequences because it is widely used to get
chemical-shift correlation maps for both small chemical compounds and bio-molecules. The
experiment yields a 2D spectrum presenting a cross-peak for each proton attached to the
heteronucleus being considered (most often **C or °N).

6 G. Bodenhauser, D.J. Ruben. Chem. Phys. Lett. 1980, 69, 185.

11
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Figure 1.05. Basic "H-">C-HSQC pulse sequence and its coherence level diagram below. A=1/(2-'J(CH)). ®1= X,-X. Dyec= X,-X.

From an academic point of view, the HSQC pulse scheme represents an ideal
experiment to understand what is really happening during a pulse sequence’. Let’s consider a
proton-carbon correlation where | nucleus stands for *H and S nucleus stands for *C. In the
first part of the sequence the initial |, magnetization (point a) is transferred to AP single
quantum 21,S, heteronuclear coherence (point d), thanks to the INEPT block:

INEPT
, » +] cos(21mJ.A)-21,S sin(21J .A)

Then, the heteronuclear magnetization freely evolves during the t; period being
frequency-labeled according to the heteronuclear chemical shift that generates the second
non-detected dimension. By applying a 1802 'H pulse at the middle of the t; period, the
evolution of the heteronuclear coupling constant is refocused. At the end of t; there are two
orthogonal components, 21,Scand 21,S, (point e):

_ L -21,S cos(Q,t, Jsin(2mJ A
+| cos(2ml 4215 sin{2md 0) * -
+21.5 sin(CLt, )sin(2mJ Al

Finally, a refocused INEPT (R-INEPT) converts the AP 2I,S, term into IP proton
magnetization (l,) while the other AP 21,S, term is converted into 21,5, MQ coherence that is
not observed (point g):

7
P. K. Mandal, A. Majumdar. Concepts Magn. Reson. 2004, 20A, 1.

12
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<215 cos(0Q1)sin(2m) A) R-INEPT |.eos(CLt, )sin(2md, A)sin{2md A, )
+21.5 sin(Cxt )sin(2m .4) ’ +21 5,sin{{1.t )sin(2mJ A)

The experiment requires a basic two-step phase cycle to remove unwanted
magnetization from protons attached to *°C. By inverting the phase of the ®; pulse in alternate
acquisitions, the 'J(**C-H) satellite lines are inverted while the *J(**C-H) line remains unaffected.
If the phase of the receiver (@) is simultaneously inverted, *J(**C-H) lines are coherently
added and therefore detected, while the *J(*2C-H) line is removed each two scans. However, a
perfect removal of the unwanted signals is difficult to achieve by phase cycling alone, and
undesired t; noise is usually present in the final spectrum. The use of PFGs represents a nice
approach to suppress unwanted signals in a single scan.

1.3.2 PFGs in the HSQC experiment. The Echo/Anti-echo method

PFGs are able to select a specific coherence transfer pathway removing all the others.
One of the most widely methodologies used to achieve coherence selection using PGFs is the
Echo/Anti-echo method”®. For a successful implementation of such methodology two different
PFGs must be properly inserted in the pulse sequence: the encoding G1 gradient, and the
decoding G2 gradient (Fig. 1.06).

¥y
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Figure 1.06. 'H-Bc-HsQc pulse sequence using the Echo/Anti-echo method. A=1/(2-1J(CH)). ®D;= X,-X. D= X,-X. G1:G2=80:20.1.
Below it is shown the corresponding coherence level diagram: blue line stands for N-type magnetization (Echo), while black line
stands for P-type magnetization (Anti-echo).

G1 will select coherence pathways in which the magnetization of the S spin is in the
transverse plane during the free evolution t; period, and G2 will select coherence pathways in
which the magnetization of the | spin is in the transverse plane during the detection t, period.

8
J. Keeler, J. “Understanding NMR spectroscopy”, John Wiley and Sons, Ltd, England. 2007.
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1. Fundamental aspects

An important aspect that we have to take into account when using PFGs during t; is
that the signal obtained is not sine/cosine amplitude-modulated® but phase modulated, which
means that is modulated according to the rotation sense of the magnetization (S*, echo; or S,
anti-echo). This results in P-type data selection (anti-echo), in which the sense of the frequency
modulation is the same in t; and t;:

St 1) o= YEXP(ICLL )expliCht,)
Equation 7

and N-type data selection (echo), in which the sense is opposite:

Sit.L)..= yexpl-i0t ) explitdt.]
Equation 8

That signal phase encoding makes the gradient only able to select one of the two
desired CTP in each scan. Therefore, the spectrum will present cross peaks with undesirable
phase-twisted lineshapes. To solve that problem the acquisition of the Echo/Anti-echo
pathways has to be done in alternate acquisitions and then combine them in a proper way
during the processing step. Both signals will be phase-modulated, but by addition and
subtraction they will be amplitude-modulated as well, so that phase-sensitive spectra can be
obtained.

The gradient strength has to be adjusted so that

G1/G2 = y/y.

Equation 9

In the case of proton-carbon correlation experiments such ratio is yu/yc= 4. Therefore,
gradients strength ratios are usually set up to G1:G2 = 4:1.

To achieve a proper coherence selection in HSQC experiments the encoding G1
gradient must label the transverse N-type (Echo) and P-type (Anti-echo) coherences in
alternate scans, while the decoding G2 gradient must refocus the proton magnetization. To do
that, the gradients ratio should satisfy the refocusing condition. In the case of proton-carbon
correlation experiment, N-type coherence (blue line in Fig. 1.06) is selected using G1:G2 = 4
(typical ratio of 80:20.1), while P-type coherence (black line in Fig. 1.06) is selected by G1:G2 =
-4 (typical ratio of -80:20.1). In terms of sensitivity, the use of PFGs during t; produces a SNR
decrease by a factor of V2 with respect to the original experiment because only one pathway
can be selected. This is the main drawback of the Echo/Anti-echo method. Nonetheless, the
main advantages are that higher quality spectra are obtained, strong solvent signals (water)
are efficiently suppressed, t, noise is better cleaned, and a considerable decrease in the overall
acquisition time is achieved if the use of an extended phase cycle is avoided.

o It is important to make a point here: in a HSQC experiment without using PFGs for coherence selection the obtained signal is
sine/cosine amplitude-modulated which means that a discrimination of the positive/negative frequencies with respect to the
offset is not feasible. To solve it, an alternate acquisition where 902 the phase of the @, pulse is dephased accordingly to the phase
of the receiver must be done. In this way, the complementary sine amplitude-modulated signal is also obtained and a
positive/negative frequency’s discrimination reached.

14
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1.3.3 Improvements in HSQC experiments

Since its first appearance, the basic HSQC pulse sequence has been largely modified in

order to improve its performance on a variety of conditions:

iv.

HSQC with heteronuclear decoupling during acquisition:

Broadband decoupling, or composite pulse decoupling (CPD), achieves an excitation of
a large frequency range using a train of short pulses (which are able to excite a large
bandwidth) applied in rapid succession so that fast a -  and B = a transitions takes
place, making the lifetime of any particular spin in any given state shorter. In this way,
broadband excitation of all frequencies corresponding to a particular nucleus type (**C
in this case) leads to multiplet collapse and simplification of the spin-spin splitting
patterns of the signals.

HSQC using adiabatic pulses:

Typically, the carrier frequency of a pulse remains constant and is applied at the center
of the spectral region of interest. Adiabatic pulses are frequency-swept pulses in which
the carrier frequency varies with time during the pulse. They invert spins by a slow
passage of a chirped pulse through resonance so that spins having different resonance
frequencies will be inverted at different times. Adiabatic pulses result to be very
tolerant against field inhomogeneities and they are very effective within a large
spectral bandwidth, being capable of invert/refocus heteronuclear spins having a large
chemical shift range and, therefore, offering better excitation/inversion profiles than
hard pulses®. This is especially convenient when working with *C nucleus in high-field
spectrometers.

HSQC with a trim pulse:

These kinds of pulses (also known as spin-lock pulses) are rather used for purging
purposes'’. They are placed at the end of a heteronuclear spin-echo (just before
magnetization transfer from proton to carbon nucleus takes place) due to its ability to
dephase undesired magnetization. They are commonly used in HSQC pulse sequences
to suppress the strong water signal when working with proteins in aqueous solutions*?
or to reduce t; noise.

Preservation of Equivalent Pathways methodology (PEP) in HSQC :

This methodology is based on the implementation of a second R-INEPT (shifted 909) in
the regular HSQC pulse sequence®™, which allows to obtain a sensitivity enhancement
by a factor of C for IS groups (Fig. 1.07).

10 E. Kupce, R. Freeman. J. Magn. Reson. A. 1996, 118, 299.

1 W. R. Croasmun, R. M. K. Carlson, “Two-dimensional NMR spectroscopy. Applications for chemist and biochemist”, VCH
publishers, Inc. New York, USA. 1994.

12 B. A. Messerle, G. Wider, G. Otting, C. Weber, K. Witrich. J. Magn. Reson. 1989, 85, 608.

13 a) L. E. Kay, P. Keifer, T. Saarinen. J. Am. Chem. Soc. 1992, 114, 10663. b) J. Schleucher, M. Schwendinger, M. Satller, P. Schmidt,
0. Schedletzky, S. J. Glaser, O. W. Sorensen, C. Griesinger. J. Biomol. NMR, 1994, 4, 301.

15



1.

16

Fundamental aspects

¥ y PEP
2
[

a2z llarz|az oz [ofe . D,

: ajh 11 ERRIRRR AL LTI
E @ ;

| I | | cro

e

T
13 ¥ '
G i I ‘u |

G
61

'IH n

A2 B A2
alb c

4

Figure 1.07. 'H-C-HSQC-PEP pulse sequence using the Echo/Anti-echo method. A=1/(2-'J(CH)), A,= A for CH
multiplicities, A1=1/(4-1J(CH)) for all multiplicities. ®;= x,-X. M= X,-X. G1:G2=80:20.1.

Let’s consider a proton-carbon correlation where | nucleus stands for *H and S nucleus
stands for 3C. In the original HSQC experiment the conventional refocused INEPT
converts the anti-phase term 21,5, into detectable in-phase proton magnetization I,
while the other 2I,S, anti-phase term is converted into 2I,S, multiple quantum
coherence being consequently lost (see section 1.3.1) (g point):

-21,5 cos(Q b sin(2nd A)  R-INEPT | cos(Qt,)sin{2mdA)sin(2mJ, A,
+21.8 sin(0,,)sin{21mJ A) : +21 8 sin{Q,t, )sin(2mJ ,A)

At this point, a second R-INEPT is added to recover the MQ coherence. The strategy is
based on keeping momentarily away the detected magnetization 1,, which is
transferred to the z-axis as I, magnetization, while the 21,S, MQ term is converted into
anti-phase 21,S, magnetization (h point):

|.cos(Qt, Jsin(2m A)sin(m2J,A,) 90, 907 | cos(Qt,)sin(2md A)sin(2m A,]
+21 5 sin(01t, )sin{Z2md . A) +21 5 sin(CLt, )sin(2mJ .4)

After the second R-INEPT (i point), the 2I,S, term is converted into in-phase
magnetization in the form of I,, while I, term is still kept along z-axis:

Leos{Qt )sin(2mJ Alsin(2rmd A} ASZ - 180,°- A2 | cos(Q.t, Jsin(2mJ A)sin(2md, A,

+21 5 sin{{Lt, )sin(2md A) +1 cos{0t,)sin(2mlL.A)

Finally, a 902 'H pulse applied from x-axis put the I, term along the transvers plane as ly
magnetization (j point):

|Leos(O L sinf2m) A)sin(2md A 90, | cos(0t)sin(2md Alsin(2md A,
+l,cos(00 L jsin (2 A) i +| cos(0,t )sin(2md JA)

Because two orthogonal magnetization terms with sine and cosine modulation are
retained in each acquisition, the obtained signal is sine/cosine phase-modulated and
therefore, a sensitivity enhancement of V2 is obtained when compared with the most
conventional HSQC pulse sequence’. Very importantly, such gain is retained even by
the use the Echo/Anti-echo method because the experiment is fully compatible with
the phase-modulated nature of the signals.
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Nevertheless, it is not possible to completely refocus both magnetization terms for all
spin systems™ so that the A; delay must be adjusted accordingly to the maximum
sensitivity enhancement that can be reached for a given spin system. When only IS
pairs are to be observed, the INEPT delays should be optimized to A= A;=1/2(J;s),
whereas for the detection of all multiplicities (IS, 1,S and I5S) the A; period should be
reduced to 1/4(J;s).

V. HSQC using the CLIP technique:

A simple way to measure *J(CH) is from a F2-coupled HSQC experiment. The range of
!J(CH) coupling constants generally falls between 120-210 Hz. This fact might cause the
appearance of signal distortions when the A delay is not perfectly optimized to the real
!J(CH) value. In order to solve this drawback the CLIP (CLean In-Phase) technique offers
the possibility to obtain better quality spectra in HSQC pulse sequences by
incorporating an additional 902 3C pulse inserted after the refocusing INEPT transfer,
just prior to the acquisition, so that AP components are converted into multiple
guantum coherences and IP multiplets are expected to be obtained.

Let’s consider a proton-carbon correlation where | nucleus stands for *H and S nucleus
stands for **C. The magnetization just prior to the beginning of a R-INEPT block is found
in the form of:

215 sin(2r ) A)cos(C0.L,)

If there is a significant mismatch between the A delay used and the real J(CH) value,
and inefficiency occurs during the INEPT transfer so that not the whole AP component
is transferred to IP component making possible that a part of that AP component still
remain at the end of the refocusing period:

-21 8 sin(2mJ A)cos(0., Jcos(2ml A) + |,sin’(2n) A)cos((Lt,]

By inserting at this point a 902 **C pulse applied from x-axis, the AP 21,S, component is
converted into MQ 21,S, magnetization:

-21.5 sin(2mJ, A)cos(Q.t, Jcos(2md A) + | sin’(2md A)cos(O,L,]
In this way, only the in-phase I, component will be detected. A comparison between

the conventional HSQC and the related CLIP-HSQC experiment®® on the strychnine
molecule is shown in Fig. 1.08.

14

J. Schleucher, M. Schwendinger, M. Satller, P. Schmidt, O. Schedletzky, S.J. Glaser, O.W. Sorensen, C. Griesinger. J. Biomol.
NMR. 1994, 4, 301.
15

A. Enthart, J. C. Freudenberger, J. Furrer, H. Kessler, B. Luy. J. Magn. Reson. 2008, 192, 314.
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Figure 1.08. A) *H NMR spectra, B-C) 1D slices from the conventional HSQC and CLIP-HSQC spectra, respectively.

Vi. HSQC with PFGs for purging purposes:

PFGs can be used as purging filters without modifying too much the sensitivity of a
particular NMR experiment®™. In HSQC-like sequences the most important ones are
PFGs for refocusing purposes and as zz-filters (see section 1.2.2).

1.4 The HMQC experiment

The Heteronuclear Multiple Quantum Coherence (HMQC) experiment’ is the most
ancient experiment using inverse detection technique. It achieves similar results as HSQC
experiment. The basic pulse scheme only contains four pulses, making it a more robust
experiment in terms of radiofrequency pulse homogeneities (Fig. 1.09).

16 A. Bax, S. Pochapsky. J. Magn. Reson. 1992, 99, 638.
17 L. Muller. J. Am. Chem. 1979, 101, 4481.
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Figure 1.09. Basic 'H-Bc-HMQC pulse sequence. A=1/(2-1J(CH)). D= X,-X. .= X,-X. Below it is shown the
corresponding coherence level diagram.

Let’s consider a proton-carbon correlation where | nucleus stands for *H and S nucleus
stands for *C. The sequence starts with a proton magnetization transfer from z-axis to the xy-
plane thanks to a 90° 'H pulse. Then, transverse magnetization evolve under coupling
constants effects during the A delay, which is adjusted to A=1/(2-'J(CH)). After such delay,
proton AP magnetization with respect to the “J(CH) is obtained.

i

I 215,

By a 902 °C pulse the AP magnetization is converted into MQ magnetization that freely
evolve during the t; period under the effects of carbon chemical shift. Because of the 1802 *H
pulse placed at the middle of the sequence, proton chemical shift and heteronuclear J(CH)
evolutions are refocused.

a0,° Q.t.
2,8, —— -21.8, ——— -21,5 cos(0).t,) + 21,5 sin((}.t,)

After that, the last 902 *C pulse returns one of the MQ terms to AP proton
magnetization, which is detected as IP magnetization after the second A delay.

g

30
‘. 21.8.cos(0.t) 2 -l cos(Q.,)

21,5 cos((2;t,) + 21,5,sin(0).t,)

Analogously to the HSQC experiment, a basic two-step phase cycle to remove
unwanted magnetization from protons attached to *2C is required. PFGs can also be used to
achieve a better suppression of undesired signals. Although there are several ways to
implement such PFGs, here it is only illustrated the Echo/Anti-echo version of the HMQC with
PFGs during the t; period (Fig. 1.10).
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Figure 1.10. ‘H-"*C-HMQC pulse sequence using the Echo/Anti-echo method. A=1/(2-J(CH)), ®1= X,-X. Dyec= X,-X.
G1:G2=80:40.2. Below it is shown the corresponding coherence level diagram: blue line stands for N-type
magnetization (Echo), while black line stands for P-type magnetization (Anti-echo).

In this case the gradient strength has to be adjusted so that
G1/G2 = y/2y.
Equation 10

For proton-carbon correlation experiments the gradient ratio is set to G1:G2=2:1.

Main downside of the HMQC experiment is that J(HH) evolution takes place during t;
that generates tilting cross-peaks along the indirect F1 dimension. Finally, it is worth it to
mention that a sensitivity-enhanced HMQC experiment® using the PEP methodology can be
also used in order to recover one of the unobservable MQ terms that otherwise is lost.

18 A. Plamer |, J. Cavanagh, P. Wright, M. Rance. J. Magn. Reson. 1991, 93, 151.
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2. NMR Methods for the measurement of long-range heteronuclear
coupling constants

2.1  The cross-peak nature vs NMR experiment

The nature of a cross-peak coupling pattern obtained from a particular NMR
experiment is a very important factor that must be taken into account when measuring
quantitatively long-range heteronuclear coupling constants ("J(CH)). This is directly related to
both the simplicity and the accuracy of the measurement®. Different methodologies to extract
"J(CH) values according to their coupling pattern can be devised, as illustrated in Fig. 1.11.

F1,F2- decoupled
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Figure 1.11. Schematic coupling patterns obtained for a CH cross-peak in 2D NMR experiments.

a) From an additional splitting along the indirect F1 dimension

This kind of cross-peak coupling pattern can be reached by allowing both the X
chemical shift and the heteronuclear coupling constant evolve independently using the
J-resolved technique®. The main drawback of this time-consuming methodology is the
need of acquiring a large number of t; increments to get a high resolution along the
indirect F1 dimension. To partially solve this problem the use of scaling k factors in the
indirect dimension can be advisable. Other possibilities are spectra-folding, non-linear
sampling or zero-filling and linear prediction in the processing step. J-HMBC** and
EXSIDE* pulse schemes are the most important experiments using this technique.

19
T. Parella, J.F. Espinosa. Prog. Nucl. Magn. Reson. Spectrosc. 2007, 50, 179.

20 G. A. Morris, J. W. Emsley (Eds.), Multidimensional NMR Methods for the Solution State, Two-Dimensional J-Resolved
Spectroscopy, John Wiley & Sons Ltd., Chichester, 2010. (pp. 145-159).

= a) C. H. Gotfredsen, A. Meissner, J. @. Duus, O. W. Sgrensen. Magn. Reson. Chem. 2000, 38, 692. b) A. Meissner, 0. W.
Sgrensen. Magn. Reson. Chem. 2001, 39, 49.

= V. V. Krishnamurthy. J. Magn. Reson. A. 1996, 121, 33.
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b) From an additional splitting along the direct F2 dimension

Such cross-peak coupling pattern is achieved by omitting heteronuclear decoupling
during proton acquisition. In this way, an additional splitting along the direct F2
dimension is reached. Depending on the pulse scheme used the splitted multiplets can
present pure IP properties with respect to both J(HH) and J(CH) couplings, or, on the
contrary, they can present AP properties. In the first case, J couplings can be measured
by the direct analysis of outer peaks frequency separation, or from fitting procedures
with a reference cross-peak. Anyway, obtaining pure IP cross-peaks is not an easy task.
In the second case, a direct measurement of the coupling constant is almost
impossible to achieve in terms of peak separation and a individualized fitting
procedure for each cross-peak is required in most of the cases so that the process may
become a time-consuming task. Several solutions have been proposed for an accurate
measurement of "J(CH) from AP multiplets®®. The analysis of AP cross-peaks may suffer
from partial/full signal cancellation, peak distortion, or shifted peak maxima.
Conventional HMBC** and HSQMBC? pulse schemes are the most typical experiments
using this approach.

c) From spin-state selective (S%) techniques

This approach is based on the manipulation of the magnetization in such a way that
the a- and B- *C multiplet components are separated in two different spectra. The
"J(CH) value can be extracted by analyzing the relative displacement of the o/B cross-
peaks components. There are several spin-state selective (S°) techniques to take into
account:

cl) E.COSY pattern

The E.COSY?® technique allows the measurement of non-resolved couplings
between spins | and Y, as long as spin Y is also coupled with a third spin S. This
coupling constant, J(YS), allows the resolution of the unresolved desired
coupling constant J(IY). As a requirement, during the magnetization
transference between | spin and S spin, the spin-state of the spin Y cannot be
disturbed. Main advantages of the E.COSY pattern are: i) very easy
interpretation, ii) they are equally well suited for the measurement of small
and large coupling values, iii) they provide information about the sign by
analyzing the relative positive/negative tilting of cross peak components, iv)
the method allows the measurement of coupling values smaller than the line
width, and v) J values are extracted from the F2 dimension, where good
resolution requirements are more easily reached. HETLOC?” and HECADE*
experiments provide E.COSY-like multiplets.

3 a) J.J. Titman, D. Neuhaus, J. Keeler. J. Magn. Reson. 1989, 85, 111., b) J.M. Richardson, J.J. Titman, J. Keeler, D. Neuhaus. J.
Magn. Reson. 1991, 93, 533.
2% A. Bax, M. Summers. J. Am. Chem. Soc. 1986, 108, 2093.

2
> a) R. Marek, L. Kralik, V. Sklenar. Tetrahedron Lett. 1997, 38, 665. b) R.T. Williamson, B.L. Marquez, W.H. Gerwick, K.E. Kover.
Magn. Reson. Chem. 2000, 38, 265.

26
a) C. Griesinger, O. W. Sorensen, R. R. Ernst. J. Am. Chem. Soc. 1985, 107, 6394, b) C. Griesinger, O. W. Sorensen, R. R. Ernst. J.
Chem. Phys. 1986, 852, 6337.

27 M. Kurz, P. Schmieder, H. Kessler. Angew. Chem. Int. Ed. 1991, 30, 1329.
28 W. Kozminski, D. Nanz. J. Magn. Reson. 2000, 142, 294.
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c2) TROSY pattern

TROSY/Anti-TROSY* spectra can separate the two a/B- E.COSY components in
two separate spectra, minimizing overlapping problems since the number of
cross-peaks is reduced from two to one. This technique is widely used for the
structural elucidation of large biomolecules where is very common to have
overlapped signals.

c3) IPAP Principle applied along the F2 dimension

IPAP methodology®® allows us to obtain the a/B components from two
separate, but complementary, spectra along the same F2 or F1 dimension. The
first spectrum is acquired such that we get pure IP multiplets, while the second
one is acquired such that we get complementary AP multiplets. After addition
and subtraction of these two spectra, two new sub-spectra are obtained
corresponding to the high- and low frequency multiplet, a- and B-,
respectively. The coupling constant value can be easily extracted by analyzing
their relative displacements (Fig.1.12).
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Figure 1.12. Schematic representation of the IPAP methodology.

Very importantly, IP and AP pulse sequences cannot show large differences
between them and must be kept as equivalent as possible in order to avoid an
extensive cross-talk in the resulting multiplets that may introduce errors in the
measurement. Cross-talk is defined as the percentage of the undesired
components remaining due to a non-perfect subtraction procedure. Main
sources that cause these unwanted effects are J-mismatch, off-resonance
effects, and the different relaxation between IP and AP data. Because no
passive spins are involved and splittings are measured along the detected
dimension, there is no need for large numbers of t; increments or high
resolution in the indirect dimension. HSQC-TOCSY IPAP*! is one of the most
common experiments using this technique.

2 K. Pervushin, R. Riek, G. Wider, K. Wuthrich. Proc. Natl. Acad. Sci. USA. 1997, 94, 12366. b) D. Yang, L. E. Kay. J. Biomol. NMR.
1999, 13, 3. c) K. Ding, A. M. Gronenborn. J. Magn. Reson. 2003, 163, 208.

30

M. Ottiger, F. Delaglio, A. Bax. J. Magn. Reson. 1998, 131, 373.
31

P. Nolis, J. F. Espinosa, T. Parella, J. Magn. Reson. 2006, 180, 39.
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2.2 NMR experiments vs transfer mechanisms

Two general approaches can be described for the measurement of "J(CH) as a function
of the transfer mechanism used in a 2D heteronuclear shift correlation NMR experiment

e NMR experiments based on the "J(CH) + J(HH) transfer mechanism. Some examples
are: HETLOC, HECADE, HSQC-TOCSY IPAP

e NMR experiments based on a direct long-range *H-'*C transfer mechanism. Some
examples are: HMBC, HSQMBC, EXSIDE

There is no intention here to explain in detail some of these widely used NMR pulse
schemes, which have been analyzed by former members of our NMR research group®. In
order to situate the reader for the different pulse schemes that will be introduced in further
sections of this thesis work, it was considered appropriate to merely describe the HSQC-TOCSY
experiment as well as the HMBC and HSQMBC experiments because they contain enough
information to understand the experiments that will be described later.

2.2.1 The HSQC-TOCSY experiment

2.2.1.1 The basic scheme

The HSQC-TOCSY pulse sequence is derived from the basic HSQC experiment by
inserting a TOCSY block at the end of the sequence. Phase-sensitive HSQC-TOCSY data can be

acquired using the same principles discussed for the HSQC experiment, as, for instance, using
the Echo/Anti-echo approach (Fig. 1.13).
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Figure 1.13. 'H-"*C-HSQC-TOCSY pulse sequence using the Echo/Anti-echo method. A=1/(2-'J(CH)). ®1= X,-X. Dyec= X,-X.
G1:G2=80:20.1.

The experiment can be described in two stages: in the first stage each proton directly
attached to “°C is labeled according to *C chemical shift in an “out and back” process (Fig.
1.14) thanks to the 'H-*C HSQC block (green and red arrows). Then, in the second stage, a

32 a) P. Nolis. Disseny i aplicacié de nous métodes de RMN: Avencos en polaritzacié creuada heteronuclear, métodes d’estat de spin
selectius i adquisicio simultania de diferents espectres. PhD thesis. Director: T. Parella. Barcelona: Autonomus University of
Barcelona. Chemistry Department. 2007. b) S. Gil. Disefio de nuevas metodologias en RMN basadas en la secuencia de pulsos
HSQC. PhD thesis. Director: T. Parella. Barcelona: Autonomus University of Barcelona. Chemistry Department. 2011.
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homonuclear transfer block extends the labeled component to the others protons belonging to
the same spin system via J(HH) (black arrows).

J(HH) J(HH)

« NNy Yy

Figure 1.14. Magnetization transfer scheme for the HSQC-TOCSY experiment.

2.2.1.2 The HSQC-TOCSY-PEP experiment

As well as in HSQC experiment, a sensitivity enhancement can be reached by using the
PEP methodology®® (Fig. 1.15). Such methodology allows us to obtain a sensitivity
enhancement by a factor of V2 in IS spin systems with respect to the conventional HSQC-

TOCSY experiment.
o § 42 T ifa i
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Figure 1.15. "H-"*C-HSQC-TOCSY-PEP pulse sequence using the Echo/Anti-echo method. A=1/(2-"J(CH)), A= A for CH
multiplicities, A;=1/(4-'J(CH)) for all multiplicities. ®;= X,-X. ®ye= X,-X. G1:G2=80:20.1.

Both HSQC-TOCSY and HSQC-TOCSY PEP experiments can be used to measure
heteronuclear coupling constants®>. The method involves the acquisition of separate coupled
and decoupled HSQC-TOCSY experiments. The coupling constants are measured by taking two
slices from the direct dimension through the correlation of interest and horizontally shifting
one of the two spectra by a trial amount. By adding the two spectra together a new spectrum
is obtained which is directly compared with an F2-slice taken from the **C decoupled HSQC-
TOCSY. When an appropriate match is observed, one can extract the coupling constant by
simply noting the horizontal displacement used in the trial fit.

33 K.E. Kover, V.J. Hruby, D. Uhrin. J. Magn. Reson. 1997, 129, 125.

25



2.  Measurement of "J(CH)

2.2.1.3 Implementing IPAP into the HSQC-TOCSY-PEP experiment

By using the IPAP principle a more accurate measurement of "J(CH) coupling constants
is achieved since the potential overlapping of the satellite a- and B- signals can be avoided.
Two spectra are acquired, one of them showing pure IP multiplets, and the other one showing
AP multiplets. After addition and subtraction of these two complementary spectra, two new
sub-spectra are obtained, one of them showing the a- component of the satellite and the
other one the B- component. It is important to highlight that the measurement is performed
along the proton dimension where good resolution requirements are easily achieved, so that
an accurate measurement of "J(CH) is reached. In addition, because the TOCSY block preserves
the a/B-"3C spin state information, the relative sign of "J(CH) can be measured by analyzing the
relative displacement between a- and B- spectra. The pulse sequence for the acquisition of the
IP data is of the same length as for the AP data, having the same pulses and therefore
minimizing possible J cross-talk effects. The only difference is the phase of the last 902 'H
pulses: for IP data ¢,=x and 3=y, while for AP data ¢,=y and ¢s=x (Fig. 1.16). An example of
the HSQC-TOCSY IPAP experiment on the strychnine molecule is shown in Fig. 1.17.

A2 I A2 e-l 5 o

O [*1]

[l A2
MPSE-2

Figure 1.16. 'H-"*C-HSQC-TOCSY IPAP pulse sequence using PEP methodology. A=1/(2"J(CH)). ®:= X,-X. Drec= X,-X. IP: ®,=X, Ds=y.
AP: ©,=y, ®s=x. G1:G2 = 80:20.1
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Figure 1.17. A) IP HSQC-TOCSY, B) AP HSQC-TOCSY, and C) Superimposed a- (IP+AP) and B- (IP-AP) spectra showing an expanded
area corresponding to C8 and C16 carbon frequencies in strychnine. An accurate measurement of the magnitude and the sign of

"J(CH) is made by analyzing the relative displacement between a- and B- multiplets.

In the case that J(HH) is close to zero (which means that no TOCSY transfer is reached),
the experiment fails due to the fact that the double magnetization transfer mechanism, in the
form of YJ(CH)+J(HH), is not fulfilled. Another inconvenient is that the experiment does not
provide signal for non-protonated carbons. Other versions of the HSQC-TOCSY using the CLIP
technique (See section 1.3.3, paragraph v., of this thesis work) or zero-quantum filters have

been reported to measure "J(CH).

The use of Zero-Quantum filters:

Zero-quantum (ZQ) coherences are a form of transverse magnetization and, although
they are not detected, they can be transferred into observables signals producing AP
dispersive components in the final spectrum. For instance, ZQ contributions lead to
lineshape distortions in TOCSY spectra. Some years ago, Keeler and co-workers*
proposed the use of an adiabatic 1802 'H pulse and a soft PFG simultaneously applied
in order to remove ZQ contributions (Fig. 1.18).

34 M. Thrippleton, J. Keeler. Angew. Chem. Int. Ed. 2003, 42, 3938.
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2.  Measurement of "J(CH)
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Figure 1.18. ZQ-filter scheme that consists of a simultaneous CHIRP 1802 'H pulse and a purging gradient followed by
a single short gradient, all they placed between two 902 'H pulses.

The frequency-swept pulse flips the spins in different positions of the sample
producing different evolutions for the ZQ terms. If the new phases created are enough,
an efficient cancelation of ZQ terms is achieved. In Fig. 1.19 it is shown the better
performance of a 1D selective TOCSY experiment using the ZQ filter. The results can be
extrapolated into the HSQC-TOCSY experiment where the application of ZQ filters is
highly advisable to obtain better quality spectra.

. oy,
o 1\"' o n
HI1E Ha B,
| Hi4 il 1 By
i | ; | HiGa * 156
A ‘ \ | I » I!I | I U I 1§
A'} W L - o
4.0 a5 30 2.5 20 ppm

Figure 1.19. A) *H NMR spectrum of strychnine, B-C) conventional and ZQ filter version of the 1D-selective TOCSY experiment
after selective inversion of the H15a proton, respectively. Notice that pure in-phase lineshapes are obtained in C) after a
successful removal of ZQ contributions.

2.2.2 The HMBC experiment

The Heteronuclear Multiple Bond Correlation (HMBC) experiment®* can be considered
as the long-range correlation version of the HMQC experiment. It usually provides two- and
three-bond correlations with non-protonated nuclei. Fig. 1.20 shows the most basic HMBC
pulse scheme that uses PFGs, so that the undesired signals from protons attached to **C are

efficiently removed. The rules to optimize the gradient ratios are similar as discussed for
HMQC.
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Figure 1.20. Basic 'H-">C-HMBC pulse sequence. A=1/(2"J(CH)). G1:G2:G3=50:30:20.

Because long-range carbon-proton coupling constants ("J(CH); n>1) values cover a
range from 0 to 15 Hz, the experiment is usually acquired with a A period optimized to 5-8 Hz,
which means that the inter-pulse delay lasts about 60-70 ms, whereas in HSQC/HMQC pulse
sequences such delay lasts about 3.5 ms (usually optimized to 'J(CH)=140 Hz). For that reason,
the normal refocusing period is avoided, otherwise the pulse sequence becomes too large and
relaxation losses are more severe. As a result, the proton signal is acquired as AP 2S5,
magnetization; therefore, the experiment must be recorded without carbon decoupling.

"J(CH) and J(HH) coupling constants evolve simultaneously and similarly during the
inter-pulse delay because their typical values are covered by the same range, so that the
signals appear highly phase-twisted and therefore the determination of "J(CH) values is not an
easy task. For clarity purposes, a processing step in magnitude mode is usually advisable for a
gualitative analysis of HMBC spectra. Another important factor to take into account is that
signal intensities in HMBC experiments depend on "J(CH) values and on the inter-pulse delay as

a sin(2md ., Al

Thus, some expected cross-peaks having a small "J(CH) value could be missing or they
could present very low intensity. Over the vyears, different improvements have been
implemented in HMBC experiment in order to obtain better results®, like for instance low-pass
J-filters to remove one-bond correlation, or constant-time periods to achieve better peak
appearance along the indirect dimension.

2.2.3 The HSQMBC experiment

2.2.3.1 The basic pulse scheme

The HSQMBC experiment® is a long-range optimized version of the HSQC experiment.
It is based on the heteronuclear polarization transfer through "J(CH), via SQ coherences during

the A delay as well as during t;. Similarly to the HMBC experiment, its transfer mechanism
allows to obtain correlations between protons and both protonated and non-protonated

35
a) J. Furrer. Concepts Magn. Reson. 2012, 40A, 101. b) J. Furrer. Concepts Magn. Reson. 2012, 40A, 146.
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2.  Measurement of "J(CH)

carbon atoms separated by more than one bond (Fig. 1.21). The signal intensity will also
depend on the nJ(CH) value and the A delay, as a function of sin(rt"J(CH)A).

)
H H () H H
‘ ) ‘ ‘
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Figure 1.21. Magnetization transfer scheme for the HSQMBC experiment.

HSQMBC has a great advantage with respect to the HMBC experiment because J(HH)
evolution is not present during the t; period. In addition, data can be presented in a phase-
sensitive mode with pure absorption lineshapes which means that is perfectly suitable for the
measurement of "J(CH). Hovewer, since J(HH) and "J(CH) values have similar sizes,
simultaneous evolution of J(HH) and "J(CH) during the inter-pulse delay can cause the
appearance of phase distortored cross-peaks and/or producing an important decrease of
signal intensities. Since no refocused INEPT is applied for the same reasons as in HMBC
experiments, the final magnetization is recorded in AP mode with respect to the active "J(CH)
(Fig. 1.22).

o
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Figure 1.22. Basic pulse scheme of the 'H-">C-HSQMBC experiment. A=1/(2"J(CH)). ®;= X,-X. Dye= X,-x. G1:G2 = 80:20.1

This fact might cause partial cancelation of long-range correlation cross-peaks or a
maxima peak shifted. When the correlation cross-peaks appear as a singlets or doublets, a
direct analysis from the AP signals can be done in a rather simple way. Nonetheless, in cases
where the correlation cross-peaks appears as a more complex multiplet or when the "J(CH)
value is small, a tedious and time-consuming fitting procedure is mandatory®. Such procedure
requires an individualized fitting analysis for each cross-peak in which a reference peak is
needed. To extract the heteronuclear coupling constant two signals from the H NMR
spectrum must be added in the following way: the first one in its conventional shape, and the

35 R A. E. Edden, J. Keeler. J. Magn. Reson. 2004, 166, 53.
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second one inverted and shifted until a similar pattern to the heteronuclear correlation is
reached. The performed relative shift until a perfect fitting is achieved will indicate the
magnitude of the "J(CH) (Fig. 1.23). If the original "H NMR signal appears overlapped it is also
possible to use the 1D projection of a 2D HSQC cross-peak as a reference.
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Figure 1.23. Fitting procedure to extract "J(CH) from HSQMBC multiplet patterns: A) expanded area showing the two-bond
H11b-C12 cross-peak. B) 1D trace. C) two identical shifted multiplets (one of them inverted) obtained from the conventional ‘H
NMR spectrum. D) >J(C12H11b) adjusted signal.

Due to the problems associated to the simultaneous evolution of J(HH) and "J(CH)
coupling constants, several improvements has been proposed in the original HSQMBC pulse
sequence. The most important are a) the implementation of BIRD block and b) the use of a
1802 pulse train known as Carr-Purcell-Meiboom-Gil (CPMG) block.

2.2.3.2 The BIRD block: HSQMBC-BIRD experiment

The BIRD block® is generally used for two main purposes: a) to selectively observe the
protons bound to *C and suppress those bound to **C after an inversion recovery period, and
b) to differentiate direct (1J(CH)) from long-range heteronuclear correlations ("J(CH)) thanks to
the large difference in their values (120-210 Hz vs. 0-12 Hz, respectively). Two different BIRD
blocks are available: the BIRD* block, which is able to invert *J(CH) correlations while "J(CH) are
unaffected; and the BIRDY block, which has the opposite effect (Fig 1.24).

1H 1H

1.'5'[: 13{: I

Figure 1.24. The BIRDx (right) and BIRDy (left) blocks. A is adjusted according to the “J(CH) value.

37 D. Uhrin, T. Liptaj, K. E. Kovér. J. Magn. Reson. A. 1993, 101, 41.
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2.  Measurement of "J(CH)

The BIRDY block is able to refocuse the magnetization of the spin system into spin-echo
periods, so that both chemical shift and homonuclear scalar coupling constants between |
spins do not evolve during the A delay (Fig. 1.25).

| spin unbeund |-"
to 5 spin _L — l.
_ , —
| span Bowund
I3 5 spin 'I\ | v
21,8, — 21,5,

Figure 1.25. Magnetization transfer for the BIRD' block. | nucleus stands for 'H and S nucleus stands for *C.

In addition, the BIRDY block is able to differentiate protons attached to **C nucleus
from those attached to '2C. Since '?C-bound protons have no one-bond heteronuclear
coupling, only their chemical shifts evolve during the A delay. These are subsequently
refocused by the 1802 'H pulse so that at the end of the second A period, the second 902 'H
pulse places magnetization along the —z-axis producing the desired inversion of the *H-"2C
resonances. For those spins that possess a heteronuclear coupling, chemical shifts will be
refocused as well, so only the effect of the coupling has to be taken into account. After the
second A delay, the magnetization lies along y-axis and is finally returned to +z-axis by the
action of the final proton pulse, in such a way that it is as if the BIRD has never appeared for
them.

As an application of the BIRD' module, Fig. 1.26 shows the pulse scheme for the
HSQMBC-BIRD experiment® which is an HSQMBC experiment where the direct 'J(CH)
responses are minimized and J(HH) are partially refocused (except for 2J(HH)).

BIRD’

G3  G3 'm G2

Figure 1.26. *H-"*C HSQMBC-BIRD experiment. A=1/(2"J(CH)). ®;= X,-X. Dye= X,-X. G1:G2:G3 = 80:20.1:17.

38 B.L. Marquez, W.H. Gerwick, R.T. Williamson. Magn. Reson. Chem. 2001, 39, 499.
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2.2.3.3 The CPMG pulse train: HSQMBC-CPMG experiment

It has been also reported that by applying a CPMG pulse train using composite 1 pulses
and optimized inter-pulse delays (t) within the CPMG cycle®, the effect of undesired
homonuclear J(HH) modulation from HSQMBC-like sequences could be minimized (Fig. 1.27).
In theory, IP multiplets with respect to J(HH) should be obtained so that "J(CH) could be
efficiently extracted from the resulting cross-peaks because no phase distortions should be
expected. In this way the accuracy of the "J(CH) value would be mainly limited by the SNR of
the corresponding cross-peak.

CPMG-INEPT
P,
WXy ¥ Dy

'IH T I‘T 5 & {I}_I_
®, | '

._ P o b Y
2 H i 5 ; 3
yxy | i o Poyxy @51

Popd i i
g I‘ e el
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G3 '{31 G4 G2

Figure 1.27. "H-"*C-CPMG-HSQMBC pulse sequence. The inter-pulse delay t is usually adjusted around 200-400 ps, and the
overall evolution period (2n*t) is adjusted for long-range correlations (typically about 60-70 ms). ®; and ®, are incremented
according to XY-16 cycles within the CPMG sequence. ®s= x,-X. ®4= X,X,-X,-X. Ds= X,X,X,X,-X,~X,-X,-X. Dyec= X,-X,X,-X,-X,X,-X,X.
G1:G2:G3:G4 = 80:20.1:15:10.

It has been accepted that J(HH) coupling constants cannot be completely removed for
all spin systems using CPMG and the use of very short inter-pulse delays (t < 400 ps) can put in
serious troubles the limits of the probehead due to sample heating effects. In addition,
homonuclear TOCSY transfer can be also effective during the CPMG period.

2.2.3.4 The combined GBIRD-CPMG-HSQMBC experiment
Williamson and co-workers published the GBIRD-CPMG-HSQMBC experiment’® where

the concepts of BIRD and CPMG were implemented into the same pulse sequence (Fig. 1.28).
In theory, HSQMBC spectra with minimum distortions should be obtained (Fig. 1.29).

39 . .
K. E. Kbvér, G. Batta, K. Fehér. J. Magn. Reson. 2006, 181, 89.
40 L. Valdemar Jr, V. Gil, M. G. Constantino, C. F. Tormena, R. T. Williamson, B. Marquez. Magn. Reson. Chem. 2006, 44, 95.
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Figure 1.28. 'H-">C-GBIRD-CPMG-HSQMBC pulse sequence. A’=1/(2"J(CH)), t=200 ps. ®:= X,-X. Orec= X,-X. G1:G2:G3:G4 =
8:2:2,5:2.5:1
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Figure 1.29. A) GBIRD-CPMG HSQMBC spectrum of strychnine, B) expanded area of the H11a-C12 and H11b-C12 cross-peaks, C)
expanded area of the H11a-C10 and H11b-C10 cross-peaks.

Nevertheless, the experiment still has certain problems that prevent its general
implementation in routine protocols:

e Strong dependence with the heteronuclear offset.

e Sample heating effects due to the short delays used in the CPMG pulse train.

e TOCSY signals coming from the CPMG pulse train.

e Lower sensitivity than other approaches due to ti(rho) relaxation.

e Non perfect J(HH) refocusing.

e Afitting procedure is still required for the measurement of heteronuclear coupling
constants from AP coupling patterns. An external reference is also required.
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2.2.3.5 Implementing the IPAP methodology in HSQMBC-like sequence

The implementation of the IPAP methodology into the HSQMBC experiment was
carried out by our research group® in order to avoid what very often tends to be a tedious and
time-consuming analysis of AP multiplets for the extraction of "J(CH) coupling constants. The
first idea was to use the HSQMBC-IPAP as it is done in the HSQC-TOCSY IPAP experiment. For a
successful implementation of such methodology it is very important to keep IP signals with
similar intensities as for the AP signals to avoid the use of scaling k factors and to minimize J
cross-talk effects.

The HSQMBC IPAP experiment

When a refocused INEPT is inserted after the free evolution period t; of a HSQMBC
experiment, the AP 2|,S, component is converted into IP |, magnetization. An easy way
to obtain AP multiplets without changing too much the pulse sequence can be reached
by using a proton spin echo period instead of a R-INEPT transfer (Fig. 1.30). This is
achieved by omitting the 1802 heteronuclear pulse (marked with €) and by changing
the phase of the last 902 'H pulse (marked with W) so that heteronuclear coupling
constant refocusing does not take place.

y y IPAP

1 Ai2 A2 AS2 A2 |s Qs .¢'
: H E
®,0,H £ |
"1 i

1JC i

alb ciid h
G5 G563 I

Figure 1.30. 'H-">C-HSQMBC IPAP pulse sequence. A=1/(2"J(CH)). ®1= X,-X. D,= X,X,-X,-X. Orec= X,-X,-X,X. IP: W=y, £= on.
AP: W=x, £= off. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11

In what follows, an extensive analysis using the product operator formalism is made in
order to completely understand what is happening with the magnetization
components during the entire pulse sequence, and how IP and AP data are obtained.
Such analysis is performed here because most of the sequences that will be introduced
in further sections are based in the refocused version of the HSQMBC pulse scheme
containing the IPAP methodology.

Let us consider a | nucleus (*H) long-range coupled with a heteronuclear S spin (**C),
with a small "J(IS) coupling value. It is clear that simultaneous J(HH) evolution will take
place during the inter-pulse A delays but, for clarity purposes, all the magnetization
components due to such simultaneous evolution will be neglected. From the

4 S. Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2010, 207, 312.
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beginning of the pulse sequence (a point in Fig. 1.30) until the G1 encoding gradient is
applied after the t; period (e point in Fig. 1.30), the evolution of the magnetization has
already been analyzed® (see previous sections 1.1.1 and 1.3.1 of this thesis work).
Until that point, and even after applying the subsequent 902 *C pulse, the pulse
sequence, and thus, the evolution of the magnetization is exactly the same for both IP
and AP data.

INEPT Q. 90 o5 sin(2md.A)cos(Qut,) + 21,8.sin(2mJ, A)sin(Q,L.]

Henceforth, IP and AP data will follow different pathways and they are analyzed
separately:

IP data: y=y, e=on

(215 is MO cohersnce and

ik Ak ¥ i 'Y | - g
of detected in the FILD)

218 si 90, (y= .
218;sin(2md Aleos(Qt) 90 W) 5 o oon ) Ajeosi.t) + 218 sin(@md A)sin(O.L)

+21,8 sin(2md A)sin(L,)

2B | 215 sin(2mJ,A)cos(Qut,Jcos (ML) - | SN2l A)cos(Q.t Jsin(rJ.A)

—..1 80, 21,5 sin(2md Acos((t, Jeos(md A) + sin(2md Alcos(,t, )sin{TdA)

180,° {e=on) , . .
+21 5 sin(2mJ A)cos(0.t, Jeos(md A) + | sin(2mwd A)cos(0:t, )sin{md A)

21J.A + 215 sin(2md A)cos{Lt Jeos(md A)cos(d A)
———F . +|sin(2md Alcos((t, joos(md A)sin(md.A) —
+ | sin(2md A)cos((.t )sin(md JA)cos(md A)
= 21,5 sin(2m) Adcos(0Lt sin{ml A)sin(md A)
+ 21,8 [sin(21mJ A)cos(Q.t )] [cos () A)-sin'(md, A)] O com s s
+ 1 sin[(2mJ A)cos(Q.t, )] {2sin(mrd A)cos(m) A)] PRt
+ 21,8 [sin{2m) A)cos(Q.t )] [cos(2nd A) 90, + 218 [sin(2mJ A)cos(Q.t, ) {cos(2md A)]
+ I_E-Iﬁ[{E'ITJ,r.ﬂ ]fﬂﬁ-{ﬂht,]]'[mntgﬂdﬁﬂ}i + llsin!{thﬂlcus{n_‘td

2
4 Although such analysis was performed for the HSQC pulse sequence, same rules are applicable here since the only difference is
related to the optimized A delay (one-bond optimized vs. long-range optimized).
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AP data: y=x, e=off

218 sin(2md Alcos(.t) 90 (w=x)
+21,5 5in{2md A)sin{ 0.t )

-21 S sin(2ml Ajcos((Lt,) + 21 5,sin(2md A)sin({l,1,)

L | LY

=21 5 sin(2m) Aeos((Lt Jeos{ml A) + | sin(2md A)cos(.t, )sin{mA)

180,
——e 42| 8 sin(2m)A)cos(Q.1, )cos(md A) + |sin(2md A)cos(Q.t, )sin(TdA)

+ 21 8 sin(2m) A)cos(Q.t Jeos(ml A)cos(ml A)
2ml,4 - I sin(21rJ . A)cos(Q.t, Joos(Td A)sin(Tr A)
T 4l sin(2mLA)cos(QLL)sin(T) Alcos(T A)  —_—
+ 21, 8 sin(2mJA)cos(Q.t, Jsin(m) A)sin(md .4)

_2a -
cos' 8+ sind =1

+ 21 S [sin(2mJ A)cos(Q,t,)] [cos’ (M A)+sin'(md A)] i

80

L

+ 21 Ssin(2md A)cos((t) ———— |+ 21 5,sin(2wJ A)cos(Q,t,)

After addition and subtraction of the IP and AP data, two new a- and - sub-spectra,
are obtained, where the magnetization components are parallel with respect to the |
spin magnetization:

a (IP+AP): [l sin{2mJ A)+21 S ] [sin(2md A)cos{0.L,)]
B (IP-AP): [l sin(2mJ A)-21 S ] [sin(2m] A)cos(.t,)]

When considering not only a | nucleus long-range coupled with a S spin, but also
coupled with other nucleus | by means of J(ll), the final expressions change to:

IP: + | sin’{2nJ A)cos(0Lt, Jcos’(TrNJ, A)
AP: + 2Irscsin{zrrJ,,__mcnsiﬂsl._]-:us’['rrnJ,,ﬁ]

Very importantly, the percentage of cross-talk generated in such addition/subtraction
(IP £ AP) procedures due to the non equivalence between IP and AP data is an
important issue to evaluate. Ignoring important relaxation differences in small
molecules, the amount the cross-talk in a given multiplet will be proportional to the
sin’(2misA) - sin(2misA) factor and the percentage of cross-talk with respect to the
overall multiplet sensitivity is defined by:

Yecross-talk = [sin(2mJ A)1)/[sin(2nJ A)+1]

Equation 11

As an example, if the A delay is optimized to 6 Hz with a Jis = 4.0 Hz, the percentage of
cross talk would be 7,2%.
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2.  Measurement of "J(CH)

2.2.3.6 The GBIRD-HSQMBC IPAP experiment

In order to minimize the effects of J(HH) evolution, as well as 'J(CH) responses, a GBIRD
filter can be inserted into the INEPT block giving as a result the GBIRD-HSQMBC IPAP
experiment* (Fig. 1.31).
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Figure 1.31. 'H-"*C-GBIRD-HSQMBC IPAP pulse sequence. A=1/(2"J(CH))=24,+24,+24;; where A;=1/(8"J(CH)), A,=A;-As and
03=1/(2"(CH)). D1= X,-X. D2= X,X,-X,-X. Drec= X,-X,-X,X. IP: W=y, €= on. AP: W= x, £= off. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11.

Any J(HH) evolution that modifies the shape of the IP and AP cross-peak patterns is
produced in a complementary way in both experiments. That modulation is equally preserved
in the a- and B- spectra and therefore they would present the same phase distortions, allowing
the measurement of "J(CH) in a simple manner by analyzing the relative a/B- displacement
along the detected dimension (Fig. 1.32).
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Figure 1.32. A) GBIRD-HSQMBC IP data, B) GBIRD-HSQMBC AP data, and C) expanded area at the C21 carbon frequency showing

some of the a-/B- cross-peaks. Note that the extraction of the magnitude of the coupling constant is performed from the 1D
slices.
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2.3 Implementing frequency-selective 1802 'H pulses: the selHSQMBC
IPAP experiment

Despite the fact that GBIRD-HSQMBC IPAP experiment has proved efficient for the
measurement of "J(CH) in both protonated and non-protonated carbon atoms, the modulation
of the intensity by the homonuclear J(HH) couplings still remain as the most important
drawback to overcome. A very simple solution to avoid such J(HH) interferences in HSQMBC
pulse schemes was proposed by our research group®. It is based on the implementation of
frequency-selective 1802 'H pulses during the INEPT blocks. Although that idea can be
implemented in the original non-refocused HSQMBC experiment where the resulting cross-
peaks would present AP coupling pattern with respect to the active "J(CH) and pure IP pattern
with respect to all passive J(HH), accidental line cancelation and/or complex analysis of AP
multiplets could still remain, meaning that tedious and time-consuming fitting procedures
would be required. To solve that problem a powerful approach for the simple, direct and
accurate determination of "J(CH) has been described, denoted as selHSQMBC IPAP
experiment®. It is based on the incorporation of the IPAP principle into the selHSQMBC pulse
scheme (Fig. 1.33), and combines the features of the selHSQMBC-IP and selHSQMBC-AP
experiments. The IP data, generated using W=y and € = on, present a sin’(n"J(CH)A) intensity
dependence, whereas the AP data, obtained using W= x and omitting the last 1802 *3C pulse to
avoid J(CH) refocusing (e = off), present a simple sin(rt"J(CH)A) intensity dependence. These
time-domain data are added/subtracted to afford pure-phase o/B-selHSQMBC spectra.

IPAP
180sel W 180sel Y
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O 9.0 :
L] PN [
=
2 im ain 1) iaim B
G5 G5G3 | L GB 2
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Figure 1.33. 'H-"C-selHSQMBC IPAP pulse sequence. A=1/(2"J(CH)). ®1= X,-X. ®2= X,%,-X,-X. Drec= X,-X,-X,X. IP: W=y, €= on. AP: W=
x, €= off. G3 and G4 gradients act as zz-purge gradient filters, G5 and G6 are used for refocused heteronuclear gradient echo and
G1 and G2 are used for coherence selection. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11.

The "J(CH) coupling constant value can be extracted by direct analysis of the relative
frequency displacement between a/B- cross peaks (Fig. 1.34). As a very important point to
highlight, the measurement is performed along the detected dimension, which is not a
practical problem because the frequency-selective nature of the experiment allows the use of
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S. Gil, J.F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145.

39



2.  Measurement of "J(CH)

reduced spectral widths and the relatively long acquisition time needed to reach high levels of
digitalization can be compensated by the use of short pre-scan delays for an optimal
relaxation. Therefore, the number of t; increments is only dependent on the degree of signal

congestion in the *C dimension.
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Figure 1.34. selHSQMBC IPAP after selective inversion of H15a in strychnine. A) IP data, B) AP data, C) a-spectrum (IP+AP) and
D) B-spectrum (IP-AP). Note that the magnitude of "J(CH) can be extracted with high accuracy by analyzing the relative
displacements of a- and B- spectra from their 1D projections.
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Il. Obijectives

Evaluation of existing experiments

The first objective of this thesis was to evaluate and to compare the existing NMR
methods developed to measure long-range heteronuclear coupling constants, in order to
better understand the advantages/drawbacks of each methodology.

Design of new NMR methods

A second general objective was to design new NMR methods to overcome the different
drawbacks found when measuring such coupling constants. They can be resumed as:

e How to obtain an accurate measurement of small long-range proton-carbon
coupling constants ("J(CH)), with special emphasis to magnitudes smaller than 2-3
Hz.

e How to perform such measurements for both protonated and non-protonated
carbon atoms.

e  How to determine the relative sign information of "J(CH).

e How to measure "J(CH) for any type of multiplet pattern, independent of its
complexity and degree of signal overlapping.

Pursuing the ideal situation

Another main objective was the development of NMR techniques that yield the
maximum spectroscopic information with the minimum experimental time, and if possible, in a
single-shot NMR experiment. Such experiment should be easy to implement and should be as
robust and accurate as possible. In addition, the extraction of the relevant NMR parameters
(mainly focused on coupling constants) should be done in a straightforward way, without
extensive and sophisticated post-processing tasks.

Experimental aspects to take into account

Some key features that would define a specific NMR method as an ideal tool to measure
coupling constants can be explained in terms of experimental aspects (resolution, sensitivity
and general applicability of the method) and further data manipulation (simplicity and
accuracy of the measurement). We wanted to concentrate our efforts to develop new
methods that should meet a number of basic conditions:

. Good sensitivity to obtain NMR data in a reasonable experimental time.
. Optimal spectral resolution in both detected and indirect dimensions.
° General applicability covering a wide range of conditions and situations (spectral

complexity of the molecule and its degree of accidental signal overlap, the
number and nature of cross-peaks to be analyzed from a single NMR spectrum,
etc.).
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. The method should be simple in terms of data acquisition, data analysis,
processing, and spectral interpretation.

The method should provide an accurate and precise measurement, if possible,

through a simple and direct analysis of cross-peaks, and without complex post-
processing data manipulation.

Most of the times the ideas came to us as the new NMR methods were being developed.

The starting point was the prior knowledge and experience of our research group and some of

our previous developed NMR techniques, with special emphasis to the selHSQMBC experiment
and the IPAP methodology.
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I1l.  Results and Discussion

This section contains the results obtained during my PhD that have been published in
different scientific journals as eight individual original research papers. In each publication a
different experiment is described either for the measurement of long-range heteronuclear
coupling constants or for the simultaneous measurement of both heteronuclear and
homonuclear coupling constants.

Since every published paper has gone through a review process by NMR experts, not
much attention is devoted to the discussion of the results beyond what is discussed in each
publication. Nevertheless, a little introduction is presented for each one of the published
papers, as well as an expansion of the results in some cases.

It has been considered appropriate to introduce the publications in such a way that a
logical thread is followed, instead of presenting them in a chronological order. Therefore, the
publications have been divided as follows:

selHSQMBC-
like experiments
"J(CH) based "J(CH) + J{HH) based
CLIP selHSQMBC (Publication 1) selHSQMBC-TOCSY IPAP (Publication 2]

J{HH)} modulation in HSQMBC

and HMBC IPAP (Publication 5) selHSOMBEC-COSY IPAP (Publication 3)

P.E.HSOMBC (Publication 6) L&D and LAR Technigues {Publication 4]

J-3elHSOMBC IPAP (Publication 7)

Simultaneous
measuremeant
of different J's

HSQC-
| like experiments

'J(CH) based

w1-IINEPT HSQC (Publication 8)
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Results and Discussion

PUBLICATION 1

CLIP-HSQMBC: Easy measurement of small proton-carbon coupling
constants in organic molecules

J. Sauri, T. Parella, J. F. Espinosa. Org. Biomol. Chem. 2013, 11, 4473-4478
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I1l.  Results and Discussion

1. Introduction

A very simple experiment for the measurement of the magnitude of "J(CH) coupling
constants, denoted as CLIP-sel[HSQMBC (where CLIP stands for CLean In-Phase) is presented.

The pulse sequence is closely related to the selHSQMBC IPAP experiment to obtain IP
data’ but with a slight modification: a 902 carbon purge pulse is inserted at the end of the
pulse sequence, just prior to the acquisition, in order to remove unwanted AP components
that would difficult the extraction of "J(CH)%. The paper evaluates how the presence/absence
of such purge pulse can affect the accuracy of the measurement of heteronuclear coupling
constants in HSQMBC-like sequences. In the resulting CLIP-HSQMBC spectra, "J(CH) values are
directly measured from pure in-phase multiplets patterns. The extraction is performed by
analyzing the additional splitting due to the heteronuclear coupling constant with respect to
those multiplets from the conventional *H NMR spectrum. In cases of resolved signals the
measurement can be made in terms of peak separation or from the difference of the outer
peaks with respect to those of the multiplets from the conventional *H NMR spectrum. For
non-resolved multiplets a fitting procedure taking the internal satellite line obtained from a
!J(CH) cross-peak as a reference, is required.

In HSQMBC-like experiments the signal intensity is directly correlated to the magnitude
of the heteronuclear coupling constant. In order to measure small "J(CH) values, a TOCSY block
can be inserted at the end of the pulse sequence to extend the information along the
complete spin system. Thanks to the application of ZQ-filters, non-distorted pure IP TOCSY
multiplets are reached and the measurement can efficiently be performed?®.

1
See section 2.3 of this thesis work.
2
See section 1.3.3, paragraph v., of this thesis work.

3 See section 2.2.1.3 of this thesis work.
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Introduction

The increasing use of proton-carbon coupling constants over
more than one bond in strucmural elucidation and confor-
meatiomal analysis of ommnic molecules' has been parlieled by
the development of many different pulse sequences for their
measurement in small molecules at natural abundanee.” One
of the major problems encountered by those who want o
apply these couplings in organic chemisiry is the analysis of
the resubting sigmals. The methodology used depends on
whether the carbon imohed in the coupling is protonated or
naon-protonated. For protonated carbons, sequences that stan
with an H3QC step to scpamate proton signals showing the o
and the [ state of the anached carbon, followed by a TOCSY
element to propagate the magnetization to the protons of the
same spin system, represent the prefemmed solution, and NMR
experiments such as HECADE" or a/fFHSQC-TOCSY " are widely
used. These experiments provide 20 spectra whene accumte
values of the magnitude and sign of the prowon-carbon cowp-
lings can be easily measuwred from signol displacement along
the F2-dimension of higher resolution.

In contrast, when the carbon s nos-protonated or when
magnetization transfer wia TOCSY is not possible beeause of o
vanishingly small proton-proton coupling constant, this tpe
of sequence cannot be applied and a variety of sodutions based
on HSQMBC or HMBC® schemes with interpulse delns
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that shenw an additional splitting artsing from the proton-rbon coupling. In cases of unresohed peaks.
& sirnple fitting analysis using the intemal saellite Enes &5 & relenence i perlormed, Addition of a spin-
lock period results in a CUP-HSQMEC-TOCSY experiment that b suitable for the mesmurement of very
srnadl coupling values o 1o obsene conmelations Trom owerlapped resonances.

optimized to long-range proton-carbon couplings havwe been
developed. In these experiments, the meassurement of the
coupling constants along the detected F2 dimension is not
simple due w the anti-phase chameter of the heteronoclear
coupling that may lead w partial or complete cancellmion
of peaks, complicating the analysis especially for complex
multiplets, In addition, evolution of homanoclear coupling
constants causes additional phase distortions in the final
multiples, Although some sobutions have been proposcd swch
as the use of CPMG pulse trains to “decouple” the homonuclear
couplings’ a complete suppression of signal distortion is not
absays achieved. Alternatively, the heteronoclear couplings
can be determined wio fresolved spectroscopy, although the
couplings are measured with less precision due (o the lower
resalution along the indirect F1 dimension.”

Organic chemisis routinely measure proton-proton . cowp-
ling constasits as the difference in froguency between the rele-
vamt peaks within a mwltiplet in comventional 'H spectra, The
proton-carbon coupling constants can be also measured in
terms of peak separation in "'Clabeled compounds in which
protons coupled o the YCanucleus exhibit an extra splining,
These muliiplets showing a proton-carbon coupling are also
present in 'H spectra of unlabeled molbecules, arising from the
B estopomer that aseounts for 1.1% of the total compound;
however, the signals are very weak and they are obscured by
thie stromg signals of the “C-isstopomer, Only the " 'C-atellites
of protons attached w2 “C-nucleus may be visible because
they appear well separated fram the major PCeisotopomer
slgnals, but they mercly provide onc-bond proton-carbon
couplings,

Here we report a 2D-NME sequence based on the HRQMBC
experiment (Fig, 1) that allows the clean observatdon of the
"C-topomer signals without the interference of the C-ise-
topomer signals. In contrast to the conventional HSQMBC, the

Ong. Biormal. Chem,, 2003, 11, 44T3-44TH | 8473
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Fg- 1 Pulse schame for the CLIP-HSOMEC sapanimanl. Namos and widd me:
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& & shaped bar s appled inthe middle of the INEPT iskocks. (47 = 1278CH]) =
4 & p B0 wiere p) BO e dursbon of the whecthe 1807 "H pube) and "H dats
are acopered without ' decoupling A pulses have phae ¥, wunien othenae
moled. & minieum taoaiep phae oyde 5 appbed. ¢y = 8, =x and @ = 5 =2
Geadeni G1 and GJ are used for coberence sefechon uting the echoransecho
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o gererate pune refoorsrg elements. & stands for the duration of the pubed-
fiekd grachent and Ihe corspondrg recovery delry

heteranuclear and the homonuelear couplings exhibiy pure in-
phase eharacter and therefore the proton-carbon coupling can
be easily measured in terms of peak separation in the same
MEANNET A% proton-prodon couplings are measuned.

Results and discussion

The new 2D pulse sequence 5 a proton-selective HSQMIBC
experiment with the hard 180° proton pulses in the INEFT
periods reploced with selbective 1807 pulses to completely elimi-
nate homonueclear coupling modulation and ovoid signal dis-
tortien,” The removal of homonuclear coupling modulation s
crucial o assure pure absorpiive lineshapes from which accu-
mte couplings can be determined. These principles were first
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Fg. 3 JD CLP-HRCMBC spectrum of 1 aier wekectiee pubing on H20b with a
70 ma Gaussan-thaped 1807 "H pulse. The inter-pulse 4' delay wirs optimized
13 625 Fred (eeerraonding 1 “HOH| = 8 M

applicd in a 10 doubly-selective experiment that incheded
selective shaped-pulses on both proton and carbon resonances
for determination of the heteronuclear coupling constant for a
specific proton—carbon pale,'™ The second key podnd of the
pulse sequence is the application of a 907 carbon pulse before
acquisition to comvent residual antiphase 215, components o
non-obsenvable  1L.8, multiple-guanium  colwrences.  The
experiment leads o full in-phase muliplets in the form of
fosin{a?f 4] thai are acquired without carbon decoupling.
The selection of a 907 carbon pulse as a purge element was
hased on the comparative analysis performed by Luy and co-
workers," who sxamined three different modifications of the
HSC eperiment for antiphase removal and concluded thay
the bhest clean in-phase specim were obsained when a 902
carbon pulse was applied prior o detection. This approach
was first proposed by Sorensem and coworkers in DEPT+
experiments.' In analogy o the CLIPRHSOC experiment deves
loped by Luy and coworkers for the meassiement of one-boned
heteronuclear couplings from pure absorptive spectn, we b
denoted this pulse sequence as CLIP-HSQMEC, where the

d474 | Org Bomal Chem, 2003, 91, 44734478
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term CLIF refers to CLean IN-Phase muktiplets and HEQMBC
stands for Heteronuclear Single Quantum Multiple  Bond
Correlation [H3MBC) as in the original sequence.,

The pulse sequence was tested for stchnine (1, Fig, 2).
The 'Heselective HSOMBC spectrum corresponding to the
H20b praon s shown in Fig. 3 along with the corresponding
expansions, All expected two-bond and thiee-bond correlation
signals appear ag the H20b frequency in the F2-dimension and
at different carbon frequencies in the Fi-dimension, Each
signal corresponds 0 a Y'C isotopomer in which the Y'C
nucleus is bocated at a different position on the molecule and
it is lomg-range coupled to H20b. As depicted in the graphical
abstract, these peaks are not directly visible in the consvention-
al "H spectrum due to the overlap with the strong "°C Isotopo-
mer signals. H20b appears as a doublet in the "H spectrum
and as a clear doublet of doublets in each CLIPHSQMEBLC
cross-peak, from which the proton-carbon eoupling value can
be easily extracted from signal splitting.

This jowsrriad is © The Royal Society of Chemtry 3013
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In the original CLIP-HSOC sequence ilhe experimental one-
bond proton-carbon coupling constants deviate from the
nominal coupling constants o which the INEPT delas
are adjusted by approximately up to 20-30% and therefore the
signal onby contained a relatively small contribution of the
antiphase component. Howewer, removal of the antiphase
werm b more demanding in HSOMBC experiments where a slg-
niflcant deviaton berween the smallest nominal coupling and
the actual valee may exlst. Thus, we investigated as o whether
the 907 carbon pulse was capable to climinate undesired anti-
phase terms for a set of INEFT delas optimized o o mnge of
coupling constants [Fig. 4). The signals were compared with
those obiained with a similar pulse sequeence that acked the
additional carbon pulse [Fig. 5). 1t can be noted that, when the
purge % carbon pulse was applied, the absorptive in-phase
charmcter of the signals was presenved for all the delays and
the value of the coupling constant was practically not affecied,
In comtrmst, the signals obtained with the sequence without
the #W” carbon pulse exhibited dispersive antiphase disortions
thot often precluded an accumte and precise measarement of
the heteronuclear coupling constant, Thus, o perfect match
between "WCH) and the delay is not critical and o wide mnge
of J values ean be measured in oa single experiment. The
sin'{xfiq4d) dependence of the signal intensity with the delay
optimization can be noted and the strongest inensiy s

This journal iv © The: Bayal Socety of Chemistry 2013
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obtained when the INEPT inter-pulse delay b5 optimized 1o a
value close v the experimental coupling constant.

In the case of more comples multiples, a direct measune-
ment of the "JCH) in the conventional HEOMBC experiment s
usually not recommended due o the anti-phase character of
the heteronuclear couplings that may resule in partial or full
cancellation of peaks and shified peak maxima, In contrasi, a
CLIP-HSOMEC cross-peak presents o pure in-phase pattern
and if the outer peaks of o multiplet are well resobaed, the
proton-carbon couplings can be mensured in terms of peak
separation irrespective of the complexity of the multplet. Ina
complex multiplet, dentification of two peaks whose differ
ence in frequendy cormeponds to the proton-carbson coupling
is not simple; however, the proton-carbon coupling can be
determined by means of measuring the separation between
the outer peaks of the multiplet and subtracting the valoe w
the equivalent separation in the "H spectrum. As the procedure
Imvolves peak maxima, the differences in line width between
the HSQMEC and the "H signals do not affect the sccurscy of
the measurement as long as the owier peaks are well defined.
The simplictty of the procedure is shown for H13, which s
coupled to three protons and appears as an apparent doublet
of triphets (5] = 16.8 Hz) in the "H spectrum [Fig. 6L The signal
becomes mare complex in the CLITSHSOMBC specira poguired
with a sclective 180° proton pulse on H13 owing o ihe
additional splitting  caused by the exim  proion-carbon

Org. Mool Chesm, 2013, 11, d4TI-44TE | 4475
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coupling. Despite the complexity of the multiplets, proton-
carbon coupling constants in the mnge 3-8 Hz were easily
mensured by outer peak sepamtion as shewn in Fig. 6,

The proposed experimient is a proton selective 2D scheme
amd therefore several experiments would be needed for a
compleie determination of all the heteronuclear coupling con-
sants of a molecule. However, the measurement of heteronue-
lear coupling constants froamn multple protons can be schioved
with only one experiment using band-selective or multiple-fire-
quiency sclective pulses for simuliancous excitatbon of several
protons under the condition that mumally coupled prowons
are not excited. As an exnmple, Fig. 7 shows the CLIP-HSOMBC
spectrum in which H15a and HI2 were simulianeously excited
using a doubleselective 180° proton pulse and the coupling
consiants of these two protons and their coupled carbons were
measured ina single experiment.

When the signals are broad and the outer peaks of the
multiplets are not resohed, the measurement of the coupling
constants cannot be achieved from peak sepamtion and o
simple fiting procedure is requined. This approach has been
traditionally performed for HSOQMBC- and HMBC-based expeeri-
ments. The original procedure involves o template signal for
the proton under analysis, which can be maken from the oon-
ventional *H or the one-bond HSOC spectr, and summed o
an kdentical bue inverted signal, shifted by a wrial coupling con-
stant, untl a match with the experimental signal is achleved.

d476 | Org Bomal Chem, 2003, 91, 44734478
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Fig 8 {A) 8 He optimized J0 CLPHAOMBC wpectrum ater spkecti nefocuning
of the broad clefmic XD peoton of 1 wng 3 20 M Gaussandhaped pulse,
B friving procedure based on the kefitight deplacernent of the low-lickd
in-phase component of the interal ', direct resporae; () perfect maiching
schievrd betwaren the wmulaied moltplet oblsned = B wth the esperemental
oosspeak comesponding to the MIZ-C20 conelsbon.

In our ease, the fitfting procedure is casier because pure in-
phise muoliiplets ane targeied. A similor procedune was
described for the extraction of “fCH] in a coupledidecoupled
HSQC-TOCSY experiment,”’ where an external reference from
a second experiment was needed. Here we propose o use the
satellite cross-peak as an internal “decoupled” reference, As an
example, this protocol is ilustrated for the measurement of
coupling constants invelving the olefinic H22 proton (Fig. 8],
Its prolon fresonance appears as a broad triplet in the "H
spectrum and the addivdonal spliming due o JCH) resulted in
a somewhat broad signal in the CLIFHSOMBC cross-peaks, In
this case direct measurement in terms of peak separatien s
not possible and the satellite lines were used for the fining
procedure. Experimentally this is easily done by shifting lefi
right this satellite component and the ecellent in-phase

This jowsrriad is © The Royal Society of Chemtry 3013
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FAg- 9 Fulse schemp fior the 2D CLFHEOMBC-TOCSY cuperiment. & 7-Sitered
DAPS-2 P Lraen & ued Yol “ms'l'l‘ﬁﬁlﬁ; slanated with Jn verall duraban
ol i, Wl olher expenmenial condition a3 described in Fig. 1

PIOPETiIes OF iMRifeeis ensiiie & ﬁﬂﬁi i "'fhh"‘m"
the simulsted and experimental crosepeaks.

Another important drawback of conventional HMBC and
HSOMBC experiments is that the sine dependence of cross-
peak intensities and their anti-phase nature usually preclude
the observation of cross-praks when the prowen—carbon coup-
ling is small, The HSQMBC experiment can be combined with
a TOCSY period to extend the measurement in arcas where
selective excitation is not feasible and o efficiently measure
very small f walues," Similarly, we propose wo append o TOCSY
clement to the CLIP-HEQMBC experiment for an effective mag-
netization transfer o other protans of the same spin Hatem
and additional pure in-phase multiplews for other prowons of
the VC-isotopomer would be detected. These cross-peaks are
not obained through a direet prowon-carbon magnetizaion
transfer, hivwever they arr accessible win a two-step procedure
that relies on a sequential "ACH] + THH) tansfer mechanism
in which the initial proton exhibits a larger coupling constant
i the specific "*C nuclens, Thus, from this CLIFHSOQMBO-
TOCSY experiment {Fig. 9] it is possible to obtain cross-peaks
showing small [ values beenuse the intensities of relaved eross-
peaks depend on the original prown-carbon coupling.

Fig. 10 shows an extremely challenging measoremsent
obained from the CLIP-HSOMBC-TOCSY spoctrum after selec-
tion of the abovementioned olefinic H22 proton. Additional
cross-praks for the relayed H23a and H23b methylene protons
[they form a typical AB spin system) are clearly observed when
compared with the analog spectrum of Fig. 8. Apparently, the
resulting Cld4-H23a and Cl4-H13b cross-peaks showed the
same multiple pattern as in the "H spectrum [Fig. 108) but a
closer book at the cross-peak suggested a slightly broader line
width for the H13b proton, Fitting analysis using the satellite
lines as a remplote (Fig. 100) and further matching with the
cxperimental muobiplet (Fig. 100) vielded a J value of 0.8 He
which is in strong agreement with the value ob@ined with
other micthods. Following the same procedure, the H23a-Cid
coupling value is 0.2 Hz (expansions not shown),

[T TNy
LN L

Materials and methods
The NMR experiments wene recorded with a sample of 0.1 M of

strychinine (1) in CDCl; on a Broker Avance 500 instrument
equipped with an inverse TCI cryo-probe incorporating o

This journal i © The Royal Society of Chemistry 2003
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Fig- 10 7D CLIP-HSOMEBC-TOCSY spacinam sfer selermsve excrimton of the HIZ
o, This aepisbmisn wisk aptimized 1o 8 He snd TOCSY mixing v was Gl
o 40 my AN other caperimentsl (onditions iy described in Fig. & i (DA o
thowan the periect mutching betvesen the simulated (obtsined from the: Sthing

ol the sateline Erey of the welryed HI I proton we (CH) 4 he caperenertsd
railtipiet {uee 0 alirevy thee mainurernent cal he el 08 e coupiing

sgradient coil st 25 °C, Data were acquined and processed
usitig the TOPSPIN software package. The pulse schemies for
CLIP-HSOMBC and CLPHSOMBE-TOCSY ae shown in Fig. 1
and 9 respectively. Sine bell-shaped gradients of 1 ms were
used, folliwed by o recovery delay of 200 ps. The propoerticnal-
Ity between gradient strengihs for G102 G364 G5 shows
the Bilby 20133250217 mtio, Gradient strengths ane ghen as
perceniages of the absoluie gradient strengrh of approximately
535 G em™'. Adinbatic CHIRP shapes with a sweep widih of
60 kHx are used for inversion [0.5 ms) and meforusing (2 ms)
1807 carbon pulses, The acquisition times ¢; and ¢; were 102 5
[spectral widih 2000 Hz, 4k complex data points) and 4 ms
[spectral width 16000 Hz, 128 real data points) respectively,
The relaxation delay was 1 s and 2 scans were accumulated per
1y increment. Zero Mllng w 1024 points in F1, 3096 points in
F2 and sine=squared window functéon in both F1 and F2
dimensions were applicd before Fourier tansformation of 20
dati, CLIP-HSOMBC-TOCSY specim were reconded and pro-
cesscd exactly under the samw concditions using 4 scans per
Increment. A zero-quantum flter consisting of & CHIRP-
shaped 'H pulse [30 ms) applied simuliancously with a
G gradient [3%) is incorporated inte the TOCSY element w
remove uiwaiited antiphase contributions. ™

Conclusions

In summary, we have doweloped a new 20 experinsent refermed
o as CLIB-HSOMBC for the easy measurement of long-range
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protofn-carbon  coupling consants. The resulting pure in-
phase multiplets exhiblt an extra splining and the prown-
carbon coupling can be messured along the detected dimen-
slon as the difference in frequency bevween iwo peaks in the
same namral way as the proton-proton couplings are deter-
rined. We shiow that the measurement in terms of peak separ-
athon is also possible even for complex multiplets. The method
ensures good accuracy, reproducibiliny and resolution as the
measuremnent is made in the direet dimension, In the case of
unresolved signals the coupling constants are determined
thmagh a fitting procedure that wses the satellite line as an
internal reference. Finally, it has been shown that o related
CLIP-HSOMBC-TOESY experiment opens the door for deter-
mining very small coupling constants and 1w observe comme-
lations from overlapped profons where selective excitation
cannot be feasible. The proposed method avoids the tedious
anabsis of twisted-phase multiplets associated with traditional
experiments and also the uncertainty on the percentage of
unwanted cross-talk in [PAP experiments."*
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IIl.  Results and Discussion

1. Introduction

In this publication, a powerful NMR experiment for the measurement of the magnitude
and the sign of small "J(CH) coupling constants on protonated and non-protonated carbon
atoms is introduced, denoted as selHSQMBC-TOCSY IPAP, solving thus one of the most
important challenges that still remained. As it has been mentioned in the Introduction section,
two transfer mechanisms can be feasible when measuring the magnitude of "J(CH):

a) HSQC-TOCSY-like experiments based on J(CH) + J(HH)
b) HMBC or HSQMBC-like experiments based on the direct "(JCH) transfer.

A new experiment based on the additive "J(CH) + J(HH) coupling transfer mechanism is
introduced (Fig. 3.01). This concept came to us with the idea to design an NMR experiment
able to extend the "J(CH) information obtained in HSQMBC-like sequences to a given spin
system via J(HH) transfer mechanism. In addition, a preservation of the a/p *C spin state
information is expected, obtaining thus the relative sign information of the "J(CH), as occurs in
conventional HSQC-TOCSY-like experiment.

JHH)  J(HH)

1 i 1 -f'i H‘. ."":|F_h\“-.
H H 24 () (H) (R

| I::'J[GH}

"1

2~ — 120~ .13_0 12C 12~ — 120

Figure 3.01. Basic magnetization transfer scheme for the selHSQMBC-TOCSY experiment.

In HSQC and HSQC-TOCSY experiments there is an important difference between the
magnitudes of 'J(CH) and J(HH) values, and therefore the undesired effects on J(HH)
modulation can be neglected during the INEPT transfers. However, both "J(CH) and J(HH) have
similar values and they simultaneously evolve during INEPT transfers found in HSQMBC-like
sequences. The result is phase-distorted cross-peaks, making difficult the analysis of the
multiplets and preventing an easy and accurate extraction of the "J(CH) value.

To overcome such drawback, selective 1802 'H pulses in HSQMBC-like sequences are
used in order to avoid any J(HH) evolution™. At the same time, it will be shown how the
addition of a J(HH) transfer block is perfectly suitable to extend the information through a
given spin system, as well as how the use of the IPAP methodology leads to an accurate
measurement of the magnitude and the sign of small "J(CH) coupling constants.

The method uses a ZQ-filter element, consisting of an adiabatic chirp pulse applied
simultaneously with a weak PFG, which converts undesired ZQ contributions into non-

! S. Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145.

2
See section 2.3 of this thesis work.
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observable MQ, coherences,? so that cleaner spectra showing pure phase multiplet patterns
are obtained (Fig. 3.02).

IPAP TOCSY

y 11
az |l an az || are Tm sl |, @
'H ﬂ I ﬂ DIPSI-2 | 1.
1 1 ' ' :E ,|II"|'.“I
i 1111
D, : 9., E I
IEIC '
G: Iu""‘
i fid inin I
G5 G5G3 i GAGS G& G7 G2
G1
IP{y=y, e=on):  H,sin‘(2mJ,, A)cos((LL,) “— Hsin’(2m),, A)cos(.t,)

JIHH) trinsfor 90"

e ——M

L

H Jrrziirl":21'r.J,;,,,Jl‘.'h:|-::u:|:s|-|:ﬂ,;t,;|-:.|.'.l£={?_'rr..l,,.,,,;_T,,l'p

H

90
AP(y=x, e=off):  2H, C.sin(2mJ,. A)cos(Ql) ——= 2H.Csin(2m).,, Acos(,,)

JiHH) transler Q'D.H

. thE,ﬂiﬂ{Z'ﬂ'Jm,ﬁ}Eﬂﬁ:ﬂ;l.}:ﬂﬁ{zwqf“m;r_i

Figure 3.02. Basic description of the IP and AP data in selHSQMBC-TOCSY experiment.

Very importantly, the signal intensity of the relayed "J(C-H2) cross peak (displayed in Fig.
3.01) not depends on its own value but on the initial "J(C-H1)+J(H1-H2) transfer.

3
See section 2.2.1.3 of this thesis work

62



NMR Spectroscopy

Angewandte

DO 10,1002 /anie. 201 108559

A Definitive NMR Solution for a Simple and Accurate Measurement of
the Magnitude and the Sign of Small Heteronuclear Coupling
Constants on Protonated and Non-Protonated Carbon Atoms**

Sosep Sauri, Juan Félix Espinosa, and Teodor Parella*

For many years the practical use and measuremeni of long-
range proton=carbon coupling constants ("HCH}: w =1}
matural abundant molecules have been a timely topic in NMR
speciroscopy and there are still a number of unresolved sswes
in this areal! There have always been doubts aboan the
correct choboe of the best NME method io be used and many
discusmions have locused on the accuracy, reliabality, ancd
simplicity of ihe data analysis and determination of the
"HCHY} coupling constant. I the extensive number of
MMR technigues that kave been developed, there arc still two
unsolved experimenial problems periaining basically to non-
protonaled carbon atoms, namely, a) an accurale Measure-
meni of very small coupling constanis {less than 2-3 Hz ) and
) thie absence of a general and robust approach 1o determine
the sign of the coupling consianl. Widely used pulse
sequences  like  afHSOCTOCSYR HETLOCH  or
HECADE!M ithat consist of a dualstep HSOQC-ivpe
block followed by a TOCSY transfer (\J(CH)+ NHH).
Scheme 1A provide the magnitude and the sign of "y,
coupling constanis irrespective of their values (0-10 He)p bui
omly for prodonated carbons. Cn the other hand, long-range

A B o Ch SHCH)
Moy Himiy ‘r"’; '-\-\\\'
o,
{frn Lo !
1
© ,}"——_L—"*,:L N,
Y OMCH)
HSQC-TOCSY I HSOMBC TOCSY
Scheme 1. The pathway transfer mech d in i) HESGC.

TOCEY, B) HSOMBC, and ) HSQMBC-TOCSY experiments. dedicated
1o the measurement of 7.
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correlation schemes such as HSOMBCY EXSIDE™ or J-
HMBCT experiments bosed on o direct “f{CH) transfer
(Scheme 1B). ypically fail to measure very small coapling
comstanis (-3 Hi) as well as they do nof provede information
aboul the sign.

We show here that all these drawhbacks can be solved by
a shghtly modified HSOQOC-TOUSY method in which the
180°"H} pubses in the INEPT blocks are applied selectively to
ome or several nonmutually coupled 'H resonances and the
delays are adjusted o0 the "NCH) values (Figure 1). The

T Hary
v |+fie] | || Forsz b M.
kL r s
SR I
D.l il £ L. Pl I_'ﬂ.
1] 7o v ] O3

L=l
e

Figure 1. Pulse scherme of the 30 'H-selective HSQMBC-TOCSY eaperi-
rgnt, Proton 180° pulies spplied in the middie of the evelution
peniods [[A-+p(180%el] (2} = 1 /{85 (0H]]] can be selective for the
freduency, , @ for Itaple freg wed, Twy independerd IP
(W=, ¢ =on) and AP [(W=ux, ¢ =cfl] data sets are initially eollected
and further combined to provide complementary o and [ data

(I AF] in separate spectra.

selHSOMBC-TOCSY scheme gencrates offf multiplets by
recording two separale and complementary in-phase (1F) and
anti-phase (AP) data sets followed by a basic addition
subtraction data processing. The behavior of bath J{HH)
and “MCH) evolution throughout the cntire pulse sequence
yiclds pure-phnse multiplets and. in addition, the TOCSY
period preserves the wf C spin-state information, The
methad allows the cfficient measurement of the magnitude
and the sign of "HCH) by analyzmg the relative dsplacement
of wfi cross-peaks in the detccted dimension with high
resolutson and accuracy even for very small values

The proposed sl HSOMBC-TOCSY experiment consists
of a two-siep procedure based on o sequential “JACH) +
JHHY) transfer mechanism (Scheme 1 C) The success of the
methad relies om the presence of a large coupling constant
between the mtml H3 and the intermediate C1 spins and.
secondly, on the effective magnetization tramsfer to the third
HZ span through a TOUSY process. Thus, starting [rom
a sebected H3 proton, the signal intensily for a relayed H2-O1

AwiLEY i
(ee, aE | IERTARTY
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g
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i cross-peak will depend on & sinl 23" NCTH2A ) cos{ -
(H2ZHS e 3|1 +sinl 2" ACITH3)IA)] function as a resull of an
additive “JH3-C1) + AHZ-H3) transfer mechanism, so it is
eompletcly independent of the "AH2-C1) value and also of
the Cl carbon multiplicity.

The benehits o append a TOCSY transfer in sel HSOMBC
experiments” are evidemt comparing the spectra of Fig-
wre 2A vi 2B, The number of cross-peaks 15 nodonously

seHESOMBE s HSOMBC-TOCSY

..L_I_._!.. bl ..J_i_.._!.. __hgll_hhiu_; o

BT & 5 4 3 Zpem B T B % 4 3 2 1ppm
A} B

Figure 2. In-phase A) selHIQMBC and B) el HSQMEC- TOCSY spectra

after selective refocusing of W22, H1L and H15a protons in strpchnine

M-

increased thanks to the combination of sclective proton
excitmtion and TOCSY tmnsfer highlighting very much its
superior information contenl. While in the selHSOMBOC
cxperiment only the largest coupling constanis of the excited
proton can be determined, the sdditional TOCSY cross-peaks
allow the measurement between these carbon atoms and all
other protons belonging 1o the same spin swstem of the
encited proton. The magnitude and the sign of “JICH) in
sel HSOMBOC-TOCSY experiments are easily determined by
analyring the relative sense of the displacement of the wf
componenis, which are generated by a linear combination of
the IP = AP data. For prodonated corbon atoms, the sense of
the corresponding direct Yoy corrclation (positive sign) can
be wsed ns the reference. In the absence of this direct
correlation or for non-protonated centers, the comparison of
the relative sense between cross-peaks is neccssary. Assuming
that a large three-bond correlation wall have a posative value,
such direction of the displacement can be taken as the
reference for agn determination of other cross-peaks in the
samic row, Thus, il a cross-peak defined as positive shows
a leftright pattern, odher cross-peaks having the same left!
night pattern will be positive whereas those peaks having an
opposite right/left pattern will be negative. For instance, the
simple analysis of the relative displacement fos the carbon-
ylCll carbon cross-peaks an 1693 ppm (Figure 3) afler
simullancous excitation of the three overlapped. nonmaually
coupled HI4, H11, and HlBa protons of the alkaloid

www.angewandte.org
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Figure 3. &) Evpanded area showing the overlagped o/ selHSQMBC-
TOHCEY spectra fwisualized here as vertically shifted red fblack peaks)
after selective refocusing of the overlapped H14, H11, and Hida
jprotons resonating dose to the 1.15 ppm signal of strychmine. B) Cone
wentional 10 "H NMR specirum and C-E) 10 slices taken at the
carbonyl C10 chemical shafi corresponding 1o the ©) 1P, D) AP and

E) axjf} speciva. The determination of the magnitude and the sign of
the cougling value ane made in & very wraightl d way by anabzing
the relitive displacement betwoen relayed affi cross-peaks.

strychning, 1, all of them resonating around 3.15 ppm, clearly
shows large megative values for Hlla and HIlb (—63 and
—7.9 Hz, respectively) and a small positive value for HI2
{+ 200 He). On the other hand, the olefinge €21 carbon m
140.5 ppm (see Figure 3A) presenis positive values for H13
{+76Hz), HISa {(+65Hz), and HI5h (+13He) and
negative values for the two-bond Hi14 (-5.8 Hz) and cven
for the tiny four-bond H16 (<10 Hz) correlations.

The proposed IPAP methodology seccessfully works cven
for nonresolved, broad, or complex resonances and the
accuracy of the measurement can be further vabdated by
comparing the “fCH) values obtained from the o data
analysis with those of the recorded 1P and AF data. On the
other hand, the complementarity between selHSOMBC-
TOCSY experiments with different proton excitations is
displaved in Figure 4, Thus, whereas the selHSOMBC expeni-
meni on the HI3 proton only shows some correlations
correspondimg 1o the mosl mlense couphng values (Fig-
ure 4.4), the complementary selHSOMBC-TOCSY experi-
mend on the adacent HE prodon provedes up (o six addational
croms-peaks for this relaved H13 proton from which couapling

Angee, Chem, ot Fd 3013, §1, 15195583
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Figure 4. 2D expanded plots showing the complementasity between
the selHSQMBL experiments of A H13 and €) HE and between
selHSQMBC-TOCSY expeniments of B) HE and O) H11, Mote that
relaped cross-peais im selHSQMBC. TOCSY spectra make it possible to
rmeasang the very small eoupling values that are misseng in the angenal
selHSQMEC spectaa,

values smaller than 2 Hz can be determined (Figure 4 B). The
opposile n:mmin!; can also be done for the HE prodon
{eompare Figure 4C vs 4.

The enormous versatility of the method can be further
chhanced by simullapeously selection of multiple, momm-
tually coupled protons located in different parts of the
molecular skeleton by regions o mulliple-site  selective
excitation {see the Supporting Information for examples).
This can represent a good strategy o smullansously map out
independent coupling topologics and different strsciural
environments,

The steroid progesterone is a challenging example demos-
trating that the method succesfully works on complicated
NMR spectra wath an clevated degree of signal overlap
including highly complex multipbetis Thus, many different
long-range correlations are obained when all profons reso-
nating at 1.75-21 ppm (H21, H15, HlZeq, Hleq, and HTeg
protonsp are simuliancously inverted. For instance, wherens
the Hieq proton shows strong correlations wath C2 (4.0 Hz),
O3 (9.5 Hezh, ClOG40 He), C3(7.7 Hz), and C9(4 Hz) carbon
atoms m the selHSOMBC spectrum, the TOCSY transfer
allows the additional measurement of “NCH) for all these
carbon atoms and the relayed Hiax, H2eq. and Hax protons.
(Figure 5). For instance, coupling values of + 1.3 and + 2.6 He
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are measured for the three-bond correlation between Hlax,
5, and C3, regpectively, as well as a very small and negative
=5 He for the fourbond Hlleg-C5 correlation. Such
measurements are practically impossible o be done using
conventional HSOMBC and HEQC-TOCSY experimenis

In conclusion, s robust KMR method Tor the measure.
ment of "NCH) of gencral applicability and high versatiliny
solves the major problems encountered inthe original HSOC-
TOCSY and HSOMBC experiments while the most imgsor-
tani sdvaniages are retained: a) both protonated and non-
prodonated carbom atoms can be ohserved, b) the magnitude
and the sign of “fy are dircctly determined from ihe analysis
of the relative displacement of /i multiplets avoiding the
aeed of complex and lime-consuming analyss and individi-
alized fitting procedures, ) the measurement is made in the
detected dimension and therefore a great number of 1
increments is not 3 requisite, d) pure-phase multiplets are
obtained that alkew the ecasy amd accurale extraction of
“NCH) evem for broad. wnresolved or highly complex
maultiplets, ¢) coupling valoes smaller than the line widih
can be determined. and 1) the combination of different forms
of sclective prodon excitation and TOCSY editing offers an
excellent versatility to ¢lean overlapped regons and make
reliable measurements even in congested areas or with the
presence of mixtures of compownds.

The method can be understood as a way 1o obain 2 'H
TOHCSY specirum from o quaiernary carbon chemical shifi
and this can also be mteresting for structural eluckdation and
chemical assignment purposes. The method is equally appli-
cable for the measurement of other heteronuclear couphng
consiants and, in particular, can be of cnormesus interest in
the measurement of resedual dipolar coupling conslants
where the sgn information i mandatory. The relative
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simiplicity in the cxperimentil setup, the multiplel analysis
and the data interpretation will make this versatl HSOMBC-
TOCSY experiment an essential tool for a reliable determi-
nathos af ey 10 the structaral and conformational studies of
organic and natural producls, even for mexpenenced NMR
USETS.

tal Section
All NMB expesiments were fecorded o8 8 BRUKER DRX-S0
specirometer egaiped with a ibree-channcl 5 mm cnoprobe incor-
porating a z-gradient coul, The test samples were simvehaine (1, 25 mg)
in COCY, (6mL) and progesicrone (4, 23 mg) in [0 ]DMSO
A mLY 'H-"C 1P and AP-HSOMBC experinsents were scpamely
revorded o described in Figure | wsing & recyele delay of 14 the
interpabse delny (A & pl 18iPsel)? = 104°),) was optimized to & H,
and ihe duration and shape of the selective protom 180° 'H paulse
{pl 1 8Psel}) was w1 accordingly fo ihe required selectivity m each
s, A basic two-slep phase oycle was applied: @ = r.-xand §,, =
x.~x Gradients Gl and G2 are used for coberence selection using
echaramibecha, G acts as & zo-filler, G and G5 Mank the mversion
profon pulbas ke generale pure refocusimg eleme s, and C6 s applied
simultancoasly to a chinp pulse (30 ms) o remove undesited roro-
quariam (£0) contributions ™ This last clement can be optioaslly
incorporated inke the TOOSY building block of 20-400mm (r) of
dusation conskstimg ol o s-filered DIPS1-2 scheme, The duration of
cach gradient was & = | ms and ihe proposionality berween gradients
GGG G O were sel o BIENLL33 ST The |P and AP
dats were acguised with 1267, incremesis of S5 dats poisis foe each
ane, and then addedsubtracted in the tinse domain, Prior v Foarier
transformation of the dwsia, revo filling to 1024 points in Fl,
EI92 poimis in FL and a sing-squared function im both dimensions
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were applied. The data were finally oblained withoat any scaling
factor o provide two sepamie ofi data sets
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Experimental Section
Pulse Program code,

Sefrerne 81, Structunes used as in this work: Strychnine (1), progesterone (2), taxol (3) and
cvelosporing (4),

Figure 51, Comparizon between selHSQMBC vs selHSOMBC-TOCUSY spectra after

selective excitation of a single frequency

Figure §2, Example of selHSOMBC vs selHSOMBC-TOCSY after selective excitation
of multiple resonances by a shified laminarpulse

Figure 53. Example showing the easy extraction of "J¢y in broads, non-resolved
multiplet.

Figure 54, HSQMBC-TOCSY spectra resulting of the addition of 16 individualized
selective

Figure §5. Comparison between a conventional 20D HSQC-TOCSY spectrum (only
working for protonated carbons) with a selHSOMBC-TOCSY spectrum (working for
any type of carbon)

Figure §6. Examples on the natural product taxol, 3, showing the advaniage to use
multiple-site excitation in a single HSQMBC-TOCSY experiment

Figure 87, HSQMBC-TOCSY spectra on the undecapeptide cvelosporing, 4, showing
the advantage to use region-selective excitation in a single ¢xperiment,

Figure S8, selHSOMBC vs selHSOQMBC-TOCSY spectra in progesterone, 2. Enlarged
figures clearly showing the relative displacement between IPAP signals.

Figure 8§9; Enlarged Figures of the figure 4 of the main manuscript.



Experimental Section

All NME experiments were recorded on a BRUKER DRX-500 spectrometer equiped
with a 3-channel 5-mm eryoprobe incorporating a z-gradient coil. The test samples were
25mg of Strychnine (1) in 0.6 ml of CDCI;, 25mg of eyclosporine (2) in benzene, 20mg
of Taxol (33 in 006 ml of CDCL, 25mg of Progesterone (4) in 0.6 ml of DMSO-d.. All
data were acquired and processed with TOPSPIN v2.1. 'H-"*C IP and AP-HSQMBC
experiments were separately recorded as deseribed in Fig. 1 using a recvele delay of 1 s,
the interpulse delay (A+p(180°sel)2=1/4*"Jry) was optimized to 8 Hz and the duration
and shape of the selective proton 180° 'H pulse (p{ 180%el)) was set accordingly to the
requined selectivity in cach case: A gaussian-shaped pulse with a duration of 20-80ms
was used for single-frequency, a shifted laminar pulse generated from a gaussian shaped
with a duration of 20-60ms was used for multiple-site excitation, and a reburp-shaped
pulse with a duration of 5-10ms was used for band-selective-excitation. All shapes were
generated wsing the shape tool utility included into the Topspin software package. A
baszic two-step phasze cvele was applied: ¢y=x.-x and §...=x.-x. Gradients Gl and G2 are
used for coherence selection using echo-antiecho, G4 acts as a zz-filter, G3 and G5
flank the inversion proton pulses to generate pure refocusing elements, and GO is
applied simultancously to a Chirp pulse (30ms) o remove undesired 20
contributions.'” This last element can be optionally incorporated into the TOCSY
building block of 20-40ms (t,) of duration consisting of a z-filtered DIPSI-2 scheme,
The duration of each gradient was 6=1ms and the proportionality between gradients
GLG2G304:65:G6  were st to 80:2001:35:50:17:3. 1P and AP data were
added/subtracted in the time-domain without any scaling factor 1o provide two separate
/P data which were analvezed directed on the display. Data were acquired with 128
increments of 4056 data points each one, Prior to Fourier-transformation of each data,
zero filling to 1024 in F1, 8192 points in F2 and a sine squared function in both

dimensions were applied.
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Pulse Program Code for Bruker:

iteo_selhsgmboto

7120 proton—-selective HSQMBC-TOCESY experiment

for the measurement of the smagnitude and the sign of long-range
iproton=carbon coupling constants

#include <hvance.incl>
#include <Grad.incl>
finclude <Delay.incl>

Ypl=ple2®

"diy=13/ (cnst2*4)"

"dll=30m"

"d20=p3"

"d=3u"

i"in0=infl 2"

"DELTAl=50u+plé+dle”
"DELTAZ=dd-larger (pl2,pld] f2-50u-plé-dle”
"DELTA=ple+dl 6+50u+p2+d0*2+50u"™

"FACTORL={d9/ (pE*115.112)1/2+0.5"
"11=FACTORL*2Z"

1 Ze
dll plli:f£2
2 dl pli:fl
3 (pl phl)
S0u UNBLKGRAD
plé:gps6
dle
DELTAZ plO:£2 plO: £l
au
[center (pl2:sp2 phl) (pld:sp3 phé&):£2 }
au
DELTAZ plZ:f2 pll:f£1
20u
plé:gpb
dia
P28 phl
[pl ph2)
[p3 phi):f2
i
[p2 pha)
di

S0

plé:qpl*ER

dle plO:£2

dlz

[p2d:apT phld):£2
DELTA pl2:f2

{p3 phd):£2

30u

pla:gpd

dis



if "cnst2Sm=Q"
1p1 ph2): £l
ilst

: 1p1 phl}: £l

S0

ple:gps

dle

DELTAZ plO:£2 plO:£l

if "cnest2h==0"
i
[center (plZ:spZ phl) (pl4:sp3 phl):£2 )
}
elae
i
(pl2:sp2 phl)
1

qu

DELTAZ pl2:f2 pll:fl
S50u

plé:gpd

dl6

{pl phl):fl

iatarts boosy
dl2 pli0: £l

4 pe*3.556 ph22
p6*4.556 ph2d
pE*3.222 ph2?
pe*3.167 phid
pe*0,333 ph22
pEe2.722 ph24
pE*4.167 ph22
pE*2.944 phid
pé*4.111 ph22

p6*3.556 ph24
pe*d.556 phi2
pé*3.222 ph2d
p6*3.167 ph22
p6+0.333 ph2d
p6+2.722 ph22
p6*4.167 phzd
p6*2.944 ph22
pé*4.111 ph2d

pé*3.556 ph2d
pé*4.556 ph22
p6*3.222 phad
pé*3.187 phiz
p6*0.333 ph2d
p6*2.722 ph22
pe*4.167 phid
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=L
=L I

pet3.
perd,
pE*3.
BE*3.
pe*0.
pe*2,
PEe4.
pe*2.
pétd.

944 phiz
111 ph24

556 phiz
556 ph2d
222 ph22
167 ph24
333 ph22
722 ph2d
167 ph22
844 ph2d
111 ph22

lo to 4 times 11

S0 plO:£f1l

300u

grond

pl3:spd: £l ph?

100u
die

groff

rand btocsy

du pli:fl
Pl phl
DELTAL

(p2 phll:fl

S0u

plé:gp2
d16 BLKGRAD

if "cnstiSm=("

{
(p3 phl):£2

}

else

{

d20

}

go=g2

ph3l

dl mc #0 to 2
FlEA(igrad ER, 1d0 & ip3*2 & ipé*2 & ip3l*2)

exit

phl=0
pha=l

ph3=0 2
phi=0 0

phi=0
phé=0
ph7=0
phld=0
ph22=3
ph2d=1
ph31=0

L= R
pll
iplz -

220

12048
fl channel - power lewel for pulse (default)
f2 channel - power level for pulse [defaulr)



1pll0: £l channel - power level for TOCSY-spinlock

ap2: £l channel - shaped pulse for selective proton refocussing

:3pid: f2 channel - shaped pulse (l130degree inwversion)
;apnami: Crpe0,0.5,20.1

i8p7: £2 channel - shaped pulse (l80degree refocussing)
;spnam?: Crpblcomp. 4

:ap2¥9: f1 channel = shaped pulse {(adiabatic)

:pl : f1 channel = 90 degree high power pulse

ip2 : £l channel - 180 degree high power pulse

:p3 @ f£2 channel - 90 degree high power pulse

:pé @ £l channel = 90 degree low power pulse

ipl2: f1 channel = 180 degree shaped pulse [20=8B0ms]

;pl3: £l channel - 180 degree shaped pulse [adiabatic) [20 msac]

: smoothed chirp (sweepwidth, 20% smoothing, 10000 points)
ipld: f£2 channel = 180 degree shaped pulse for inversion

i = S500usec for Crpé0,0.5,20.1

ipdd: £2 channel - 180 dagree shaped pulse for refocussing

: = 2msec for Crpélcomp.d

iplé: hoemospoll/gradient pulse

ip2B: £l channel - trim pulse

;d0 @ incremented delay (2D) [3 useac])
;dl @ relaxation delay; 1-5 * Tl

sdd ¢ LA 4TI XH

;d9 : TOCSY mixing time

pdll: dalay for disk I/0 [30 msec)
:dlé: delay for homospoil/gradient recowvery

:11: leop for DIPSI cycle: ((p&*115.112) * 1l1) = mixing time
jenst?: = J(XH) [6-8 Hz]
renstl?: = -0.5 for Crpélcomp.d

;jonst2h: = 0 (IF)

i = 1 [AF]

7infl: L/SWI(X) = 2 * DW(X]

dind: 1/{2 * SW(X)) = DW(X]

indl: 2

iNS: 2 * n

:D5: »>= B

;tdl: number of experiments

i FNMODE: echo-antiecho

;use gradient ratio:
;gpzl: ca. 3%

;gpzl: BO%

pgpzd: 20.1% for C-13
rgpzd: S50%

;gpz5: 1Th

igpz6: 33%

;ugse gradient files:
;gpnaml: SINE.100
igpnamé: SINE.100
dgpnamd: SINE.100
;gpnamd: SIME.100
;gpnamb: SINE.100
;gpnamé: SINE.100
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Scheme 51. Structures used in this work: Strychnine (1), progesterone (2), taxol (3) and
cyclosporine (4).
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Figure S1. A) selHSOMBC and B) selHSOMBC-TOCSY spectra after selective
refocusing of the overlapped H14, H11 and H18a protons of strvchning resonating near
3. 15ppm. We can see in Fig. 3 of the manuseript an expanded 2D resgion of the
resulting o, f-5elHSQMBC-TOUSY subspectra. In Fig. 4 of the main manuscript, 1D

slices showing pure phase 1P, AP, and IPAP multiplets of the quaternary C10 carbon
can be observed.
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Figure 82, Example showing the implementation of multiple-site excitation using
shified laminar pulses: {top) selHSOMBC spectrum afier selective excitation of HI,
H22, H13 and the three protons corresponding at 3.15ppm, and (bottom) the equivalent
selHSQMBC-TOCSY spectrum,



Figure 83, 1D slices showing the 1P, AP and co/[} multiplets corresponding to the H14-
C21 eross peak. The wremendous benefits of the IPAP methodology can also be
exemplified in the analvsis of non-resolved, broad or complex resonances. For
comparison, fig. 6 shows the diferent [P, AP and /[ multiplets corresponding 1o the
H14-C21 cross-peak of 1. The expected additional splitting in the [P muliiplet is not
resolved whereas an overeslimation of the direel measurement is made in the AP
multiplet (8.8 Hz). Clearly. the analyvsis of the relative displacement of a/f} components

allows a reliable measurement of 6.2 Ha.
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Figure 84, (top) HSQMBC and (botton) HSOQMBC-TOCSY spectra resulting of the
addition of 16 individualized selective experiments in strychnine
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Figure 86, A-B) 1D proton spectra after simultaneous eight-site execitation in the natural
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structure; C-1) Corresponding 2D selHSQMBC-TOCSY spectra afier apply the
selection described before.
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Figure 87, Expanded carbony| region extracted from the Hoa-band-selective HSQMBC-
TOCSY experiment of the eyelic undecapeptide cyclosporine, 2. All intraresidue “J{Ho-
CO) and "JNH-CO) and inter-residue *J(Hu-CO) and “JNH-CO) coupling values can
be determined. Although not shown here. practically the magnitude and the sign of all
backbone and sidechain "J(CH) can be measured analyzing the whole 21 spectrum.
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Figure 88 A) In-phase selHSQMBC and selHSQMBC-TOCSY  spectra of
progesterone after sclective inversion of prolons resonating in the region of 1.8-2.0
ppm. B) Expanded area of the a/P-selHSQMBC-TOCSY covering the quaternary C3,
5 and C20 carbons showing that the sign and magnitude can be directly measured
from the relative signal displacement of each cross-peak. C) Expanded area showing
that smaller values than 2 Hz and the corresponding can be measured from relayed

cross-peaks
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I1l.  Results and Discussion

1. Introduction

In this publication, an hybrid selHSQMBC-COSY experiment is presented, in where the
information obtained in a standard sel[HSQMBC experiments is extended to neighbouring *H
nuclei by a COSY transfer (Fig. 3.03). The experiment is related to the selHSQMBC-TOCSY IPAP
experiment described in the previous Publication 2.

HOH o W)
12‘C_12’C (?)1:C12C12C

Figure 3.03. Basic magnetization transfer scheme for the sel[HSQMBC-COSY experiment.

Taking into account that the intensity of a relayed ®J(C-H2) cross-peak only depends on
the initial 2J(C-H1) value and the efficiency of the proton-proton transfer, one can conclude
that:

e If the initial transfer step is a 2-bonded correlation (*J(C-H1)), the COSY transfer to
the most adjacent proton (from H1 to H2) would give us a *J(C-H2) cross-peak.

e If the initial transfer step is a 3-bonded correlation (*J(C-H2)), the COSY transfer
would give us information of a *J(C-H3) or %J(C-H1) connectivity.

The paper presents an alternative way to measure the magnitude and the sign of small
proton-carbon coupling constants for protonated and non-protonated carbon atoms, being its
main advantage that a more simple and shorter pulse sequence than the selHSQMBC-TOCSY
experiment is used and a sensitivity penalty due to additional relaxation losses is highly
reduced.

With a slightly modification in the original selHSQMBC pulse sequence, which consists to
change the selective 1802 'H by a hard pulse in the R-INEPT period, a COSY transfer is
successfully achieved. In this way, simultaneously evolution of J(HH) and "J(CH) takes place
causing the appearance of AP contributions in the resulting multiplets. However, it is
demonstrated that the IPAP methodology equally preserves such distortions for the a- and -
cross-peaks making possible an easy extraction of the magnitude of the coupling constant by
analysing their relative displacements. Besides that, the experiment preserves all the benefits
of the sel[HSQMBC-TOCSY experiment.
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Efficient measurement of the sign and the
magnitude of long-range proton-carbon
coupling constants from a spin-state-selective
HSQMBC-COSY experiment

Josep Sauri®® and Teodor Parella®®*

A spin state-selective Heteronuchear Single-Quantum Multiple-Bond Connectivithes [(HSOMBC-COSY) experiment s proposed
1o measure the sign and the magnitude of long-range proton-carbon coupling constants ("JCH); m = 1) elther for protonated
or for non-protonated carbons in small molecules. The simple substitution of the selective 180° "H pulse In the original
selHSOMBL pulse scheme by a hard ane allows the simultaneous evolution of both proton-proton and proten-carbon coupling
canstants during the refocusing pericd and enables a final COSY transfer between coupled protons. The successful implemen-
tation of the IPAP principle leads to separate mixed-phase offf cross-peaks from which “JCH] values can be easily measured
by analyzing their relative frequency displacements in the detected dimension. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: HS5OMBC: HSOMBC-COSY; long-range proton-carbon coupling constants; IPAP
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Intraduction

It s ahways been a wide interest in the design of NMR methods
directed to the measurement of hetercnudear coupling constanss
in small molecudes. In the particular case of ", it was not an easy
task because the signals comesponding to the acive "'C isotopomers
appear below the 'H-"C signal in the conventional proton spectium
that i about 200 times more imbense because of the low "'C
natural sbundance (~1.1%], The strong "H-""C signal is efficiernby
suppressed in modem NMR spectroscopy by applying pulsed feld
gradients as a method of coberence selection, and nowadays a
multitude of NMR methods is avallable for the proper measurement
of kong-rangs proton-carbon coupling constams ("ECHY o > 10"
Accepting that the problem to determine the magnitede and the
ugn of "ACH) i already sobeed for protonated carbons mainhy wiing
HEOC-TOCSY-1ype expenments, ™ some reledant aspects on "ACH)
are still under study and discussion, namety, the accuracy of thess
maeasurements and how vee can measune small values and also their
SRS OF CRUALETTaY Cagkuang,

Recently, our group has reporied an efficient and strasghifonsard
in-phase and anti-phase (IFAF) approach to acowrately measure
"ACH) on both paotonated and non-protonatesd caborm.™ ™ As a
first sdheantage, the tediows anabysis of typical ant-phase cross-peaks
obtsined from Heteronudear Single-Quartum  Multiple-Bond
Connectivities (HEOMBO) experiments is svoaded. Second, the main
limitathons assoclated with other commonly used expetiments such
s bresohed methods (an elevated number of £, increments are
reuined, the reeadunement of small values s not afosdable and they
are pot tgn-senitve] are evercome. Theds new IPAP methods are
based on the separabe acqusition of complementany in-Fhase (9
and Arti-Phase (AP) HSOMEC data that asfter suitable linear combina-
tion affords spin sate-selective HSOMBC spectra. Interestingly, the
magnitude and the sign of "ACH) ane determined measuring the
refative  lefifight displacerment betemen of cross-pealks in

the detected dirmendion, First, a broadband version based on a
G-BIRD-HSOMBC-IPAP experiment was suggested ™ This and
other related approdchis wiing CPMG-bated schemes Can
lead a/f} cross-peaks with mized phases due to residual
proton-proton coupling, AHH], evalution during the INEPT-like
peniods. A funher development makes wse of 180° proton
selective pulses to completely remove the problems assock-
ated with fHH] evolution and, therefore, pure-phase data
are obtained that greatly facilitates the measurement’
However, the measurement of small values from  this
selHSOMBC-IPAP experiment remained a challenge while the
sign information was not avadlable, Recently, it has been
reporied that the addition of a TOCSY propagation period
afer the selHSOMBC block affords a general and unique tool 1o
measure the sgn and the magnitude of "ACH) for both protonated
and  nor-protonated centers ™  This  selHSOMBC-TOCSY-B AP
method proves 1o be highly useful even for molecules showing
overlapped resonances, complex multiplets and, véry importantly,
to measune very small "ACH) coupling values because the intensity
of relayed cross-peaks is independent of their "ACH) values.
Harein, we describe a long-range optimized H50C-005Y pulse
scheme™ that allows the measurement of the sign and the
magnitude ol "ACH) in a similar way 1o the LelHIQMBC-TOCSY
experment. Thei pew SelHSOMBC-COSY method has better
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sensitrvity whibe most of the reported features ane sl retained:
[i} the magnitude and the sign ol "Jo, ame directly detesmined
from the analysis of the relative displacement of «/[f multiplets
awoiding the meed of comples and time-consuming analysis
using individualized fitting procedures; {iij they can be reeasured
for both protonated and mon-protonated carbons: () the
measrement i made in the detected dimension and therefore
good resolution levels can easily be attainable with a manor
number of f, Increments: (v although mixed-phase muliplets
are obtained, extraction of "ACH) remaing easy and accusate In
a muttitude of conditions bread, wneesolved or highly complex
multiplets, in congested aneas or with the presence of mixtures
of compounds; and (vi coupling values smaller than the line
width can be determined. We test the applicability of the
proposed miethod on the alkalodd strychnine, 1.

Results and Discussion

Figure 1 shows the basic pubse scheme of the se{HSOMBC-COSY-
IPAF expeniment. it resernbles a reguilar HYOC pulse train with a
few different details: () a selective 180° 'H pulse & applied in
the initial INEPT pericd to prevent JHH) evolution, (il the
interpulse delays are optimized to small “JCH) vahues, typically
G- Hr, i) a last 90° "H pulse is appliedfrom the y ads to gener-
ate COSY cross-peaks, and (v) proton acquisition i performed
without "'C decoupling becsuse "NOH) values want 1o be measured
in the detectéd dimendion. Using andther ansiogy, the pulie
sequence b o very simple modification of the onginal selHSOMEC
eaperiment’” where the selective 180° "H pulus incorporated in the
refneusing INEPT period has been replsced by a had 1807 "H pulse.
I this wary, Srrultsmeous JHH] and "ACH) svoltion tkes place
during this period that facilsates COSY transfer, thanks to the last
90 "H pulse. In addition, better sensithity & acheeved than the
seHSOMBC-TOCSY scheme because the additional TOCSY period is
e and therefore potential relaation koases ane reduced.

The coupling pathway imvoheed o el HSOMBC-COSY experi-
ment consists of two parts (Scheme 1) Fist. a selective
out-and-back step from the selected H) proton to long-range
coupled casbons (C1] i3 accomplished by the HSOMBC element,
and second, & non-selective COSY transher from this same proton
b ather protons via JHE-HI) eoecuted simply by the List 50° 'H

JHH)  nycH)y

o
Ha HQ/—)

Cy

\

HSOQMBC-COSY
Scheme 1. Coupling pathwiry inwvobved in The HSOMBC-COSY experiment.

pulse. Analyzing the pulss scheme in more detall, the innial selec-
tive INEPT block for a sefected H2 proton affords coherence in the
form of HyC, * sinin"Jag-c). After the simultaneous 90° (HY
90°,1C) pulses, anti-phase carbon magnetization in the inital
Hy L, form ewvolves during the variable evolution ¢, period in
the wual way. After that, a 90° carbon pulse creates Hp G,
magnetization and the purge gradient G4 removes any resid-
wal transverse magnetization, The proposed method is based
on the application of the IPAP principle in a refocused HSOC
scheme: Two complementary I and AP data are separately
recorded with and without the 180° "'C pulie in the refo-
cused period, respectively. Thus, 1P data are genesated using
Y =y and applying the 1807 "C pulse:

IP: H]-,'si.l'ilnfl'r.lm i) cos{md s pald)
b IH My (s o) sindmdwy . pgds) 4}

O thee ther hand, AP data are obtained using %' = x and omitting
the 180" " inversion pulse in order to avold ", refocusing:

AP 2.H';,.C_- li'l':ﬂru (|ﬂ.|‘ oo el g mﬂl
— &Hp, Hye s sin(md wy_eq ) si0{h i sadd) L]

The last 907, "H pulse that wars applied in the selHSQMBC experi-
ment for purging purposes of undesined coherences now creates
additional COSY cross-peaks:

180s8l ¥ ¥ ¥ G
vl & afla
H ini EI?‘P
Ib‘ '
T I a III- 5 I
ool
G,
al s aal 0
Gl (4] GIGS G5 g2

Gl

Figure 1. General pulse scheme of the profon-selective HSOMBC-COSY experiment. Thin and thick bars repeesent 500 and 1807 non-selective pulses
that are spplied along the x-axk unless othenvise ststed The 180° peoton polie in the fing INEPT block is applied selectively to a single frequency. The
basic cycle phune was O x - @ 0 x, - x In-phase I W = y, £ =on) and anti-phase (AP ¥ = &, c=off) data are recooded separately and combéned in the
time diomain to provide 2/ specira. The inberpube delays se et to B0 + = 1002 sl whene py i the duration of the selective 1807 'H pulie.
G4 gradient acts = filters, GI and G5 sre used for refocused heteronuclesr gradient echo, and G1 and G2 are 1ned for cobevence
selection. The sign of the G encoding gradient i alernated for echo/ami-echo eoherence selection. § s the duration of the gradients.

]|
wileyonlinelibrary comfournalimrc Copyright © 2012 lohs Wiley & Sons, Lid, Magn, Repon, Cherm, 2012 50 T17-721
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A kery point for the IPAP principle success is the percentage of
cross-talk generated in such addition/subtraction (IP £ AP} proce-
dures due to the non-eguivalent intensity between IP and AP
data. Assuming that the effect of AMH] modulation i exactly
the same for the 1P and AP data, cross-talk will be proporional
to the sin{mhy oylt] - sinfzhe o) factor and the percentage
of crovi-tall with respect to the overall multipler sensitivity is
defined by I:mh.lm ool = 11sin(rby.e il # 1], A5 samilarly
reported previously,” $elHSOMBC-COSY shows o be extremely
tolerable 1o undesired cross-talk effects over & potential
risrnateh between “HCH) values and A optimization,

Figure 2 dlearky shivws the great benefits of changing the sehecthe
180" proton pulse in the salHYOMBC expariment (Fig. 2A) by a stan-
dard hard 180" pulse (Fig. 28], The thres HI4, H11a and HI8a protons
that appear overapped in the corventonal "H spectrum of 1 at
305 ppm were seleciively refocused by a 20-ms Gausslan-shaped

180" pulse A singhe vertical area shows the most intense long-range
heteronudesr correlations from these three selected protons in the
dean B-Hr optimized s=HSOMBC spectrume in the  analog
sefHSOMBC-COSY spectrumn, & great number ol additional COSY
cross-peaks are available and ready 1o be anakyred.

The patential on the implementation of the IPAP technigue
inte the selHSOMBC-COSY experiment is demonsirated for a
non-pratonated center, the carbonyd C10 carbon (Flg. 3). n addi-
tign to the Initial two-bond H11a-C10 correlation (6.3 Hzl, two
additional COSY cross-peaks are observed comesponding to the
tevo-bond H11b-C10 (—~T8Hz) and the three-bond H12-Ci0
[+2.1 Hz) cormelations, The [PAP-HSOMBC-COSY cross-peaks
[Fig. 3B and C, mespectivelyl show miked-phase propesties,
praventing any attempt o the direct extraction of coupling
values. Although those mixed phases are alio present in the
comesponding = and [ mudtiplets (Fig, 3D and E, respectively),
this does not affect the measurement because anly the displace-
ment between wil signals is of interest, regardless of how they
are it is important to note that no manusl or automatic phase
comection was applied for any of the low P, AP, 3 and [ muhi-
plets. Cleasly, the magnitude of all three "ACH) couplings can
be directly determined withoul need of amy fring process

! ® - B0
- 100
120
" L]
. [ . = 140
L
160

6 5 4 3 2 ppm

Figure 1. |A] selHSOMBC and () seHSOMBC-COSY spectra of 1 aftér selictive relocuting of protond (H14H1 1M 18} resonating at 1.15 ppm. Only the
magnitude mode. Mote that sdditional O05Y oroad-peaks ane originaled by 1he simple cormeeviion fram seleclive
to new-selective mode of the 1807 "H pulle placed in the refocused period. Areas marked with & rectangle be in (B ane Further diicussed in Figs 3 and 4.

comeiponding IP ipecirs afe shown in
Sep experimerial section for mare detasils,

Maga, Relon Chem, D0WL 50, T17-T11

T T
] 5 4 3 s

Copyfight © J0017 John Wikey & Sand, Lid,
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Flgure 3. (&) Comentional "H and [B-E) 10 sections. extracted feom the
"I draquency of the carbonyd C10 caebon: (81 1P and 100 AP HSOMBC-COSY
ot pcouaired as deseried in Fig, 28, and (D and E) ) HSOMBC-COSY data
pbtsined after Enear combination of B + O F) Expanded 10 7 and | malt-
plets. to visusze thir relitive deplatements.

[Fig. 3F). On the other hand, the sign is also codified from the
refative beftfright (negative) or ight/left (positive) frequency peak
displacement. The measurement of Jfrom a single peak as shown
in Fig. 3F Is only for lustrative questions. In fact, it s moe
accurate 1o measawe J for each reschved peak into a multipler
and obtaming an average value becaiuse multiplet distartions
could Introduwce major emors If only a single measurement is
made, The measured data are in strong agreement with those
published previauily.™

Figure 4 shows exparsions comesponding to the most imense
Hid proton and the COSY cross-poaks originated for its wvicinal
H15b proton from the setHSOMBC-COSY-PAP spectra. All comela-
thons iwohdng the H14 proton with “XCH) valees ranging from 5
o 7 He are clearly visible and easlly measured in an 8-Hz optimized
sapeeriment ad & resull of their dne dependence with the interpulie
A deldwy (Fig. 4A). Howeves, it 5 not possible 1o determine the sign
of these "MCH) values from the single analysis of this columa, i
should be emphasized that although the dinect comelation presents
oppasite displacement because of the diffierent magnitudes of *ACH]
versus "RCH), this is not related to the relatve sigr. On the other
hand, several features are quickly evident from the anabysis of the
relayed H15b eolumn (Fig. 4B]: (0 the intensity and possible
croas-talks for all obiarved COO5Y cross-peaks do not depend on thelr
“XCH) values bug the original H14 crass-peaks; {iil the sign of "ACH)
cannot be determined anabyzing only this column but they can be
queckly assigred when compared the relative displacerent of each
cross-peak with the original H14 ooss-peak (sometimes a prior
knowledge of chemical shift sssignment s required and it can be
assuamied that large three-bond connectivites present posithe signl;
[iii} values sraller than the line width can be measwed because of

wileyonlinelibrary.comfjournalimre
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Flgurs 4. 20 expansions plots of the HSQMBC-COSY-IPAP specta moulting
of Fig. 28 and comesponding fo the (A) moited H14 and (8 CO5Y H15h
protons. 3, croas-pesks are shown slghtly shifted in the vertical scale 1o viu-
alipe thair misbual relithvi drglademints. For Ry, fO GIRINCHGN Mg Bien
made for posither ared negathe inlensitien. Note that the extzaction of the
sedative signs Tram the leftight displacenent anakysk & only vall bebwesen
Crord-pisaks in the wme pow 00 10 Alcis extracted froms the: diferent mows
shawn im {BL

aslmiost unlimited rewclution sttainsble in the detected dimenion;
and (7] all cross-peeaks belonging o the same proton show similar
phase distortions because of AHHl modulation but this does not
affect the precise and relisble measurement of "ACH] (Fig. 401 t &
wery important 1o clanfy that the extraction of relative signs B only
applicabile when comparing sgnals from the same row the same
carbon] bt not for peaks of the wme column b different
rows (different carbons) For instance, check the oomea Sign
from the oppotite serse between H14-C16 (U=s70Hz) and
HI5b-C16 (1= - 10 Hz) cross-peaks, However, although H15b-C13
(= 478Hz) and H156-C16 (U= - 30Hz) have the same relative
desplacement, they have opposite signs.

Another essentlal point to highlight 5 the relative sensi-
tivity between egquivalent selHSOMBC, sefHSOMBC-C05Y and
sl HSOMBC-TOCSY experiments. Figure 5 shows the 10 sections
eutracted oo the Ci4 carbon for all these experiments acquired
under the same conditiond previously described in Fig. 2.
‘Whereas in the selHSOMBC experiment only the large H14 satel-
lites are visible, additional COSY comelations to the H22, H15a,
H15b and H13 protons emenge in the selHSOQMBC-COSY spec-
trurm. Slmilar correlations presenting pure-phase properties ame
obtained from the equivalent selHSOMBC-TOCSY experiment
bt with a considerable penalty in sensitivity due 1o the addi-
vigernal d-mes TOCSY mixing time. Later, the overall sensitivity will
strongly depend on the duration of mixing time and also on the
eaisting spin topologies,

Magn. Reson, Cherm, 2012 50 T17-721



Measurement of the sign and the magnitude of long-range proton-carbien coupling censtants L=

Magnatic
H Anc

{2 BncE In

L e
o

D)
" w EAL .1 [}

H 15t

C) Haz2 | Hi5e H1a

B)

2 R

-
LU I |

ol __Jl,nLl.. L

Figure 5 (4 10 sections earaced ot thee C14 carbon cheracal shift
145 pprmd of the IP version of () selSOMEC (e Fig, 2AL, [0 selHSOMEC - COSY
[ Fig, 28 and (D0 s HEMBC-TOCSY [uing & 40-ms mibdeg tme) exper-
s, All geperimant wene moomed and proceised wEng the ame conde-
o o reposrind in Fig. 2 and are plotied wing the same verical scaling in
omler to compaee the relaive sensithity of each experiment.

To conclude, we have infroduced a new selHSGMBC-OOSY
Expefirnent 10 measne the sine and the sign of "KOH) with high
accuracy wming the IPAP concept. The experiment retains the
simiplicity of the oeiginal selHSOMBC experiment and, as an addi-
tional boms, an increased number of coupling values and sign
infarmation can be extracted. On the other hand, the expenmaent
also reaing most of the features and benefits associated w the
powerful sedHSOMBC-TOCEY experiment with an important added
vilues "H-"H COSY wransfer b schieved a1 the same time that
"HCH) evohution and therelore superor senditivity B achiewed
because an additionsl TOCSY period & not necessary, even
conviidening the potential signal cancelstion due 10 the anti-phase
charaoer associated to COSY orods-peaks The method can be
applied to & mymiad of different arectwal and confermational
aupects, shows exiremse simplicity in both set-up and data nger-
pretathion and can be combined with multiple-frequency  and
band-seleciive exciation in order o cbtain a complete "NCH)
data 21 with only a few experdments. Of cowse. the method
maght also have a peofound impact o the measwement of
any type of heteronudear coupling constants imvolving  othey
heteronuclel than "'C, showing an enommous potentiad in the
application on organometallic and inceganic molecules.

Methods and Materials

All NMR expetiments have been recondéd on a BRUKER DRX-500
spectrometer equipgsd with a three-channel S-mm crpopeobe incor-
porating a r-gradient ool on a ample al 25 mg of Arechnine, 1, dis-
sohved in 05 mil of COO,. 20 "H-"1C I and AP-HSOMBE experiments
on 1 were separately reconded as described i Fig. 1 using a recydle
delay of 1 5.and the interpulse and &' delays were optimized 1o B He
= " Py = 12 * Uy, whene pg Is 3 selective 1807 "H pulse), B
and AP data were recorded In a sequential mode, but aoguisition
in an interleaved mode can be advisable in less concentrated sam-
ples to minimize specrometer instabilities, For selective refocusing,
a Gaussian-shaped 180° pulse of duration of 20 ms (g, ) was applied
in Fig. 2. Sine bell-shaped gradients of 1 ms duration (5) wene used,
followed by a recovery delay of 500 s Gradient mtios for G162 :
G3:64:G5 were B0:20.1:33:50: 11, measured as pescentage of
the absclute gradient strength of 535G cm. All experiments waere
acquired and processed wsing the echadfanti-echo protocol. Four
scans wene aicumulated for each one of the neal 64 1, increments,
and the rumiber of data points in £; was set to $056. Spectral win-
dhvers in both dimensions were 22 500 (F1) and 4500 F2) Hz, respec-
tivishy. The coverall acquisition time for sach 1P and AP dista was about
fmin, which was added subtracted in the time domain without any
scaling factor 1o provide spin state-selective data, Priof to Fouwdier
ansdorrnation of each data, zero filling to 1024 in F1, B192 points
in F2 arad a sne-squared function in both dirmensions wese appied
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Ill.  Results and Discussion

2. Extension of the results

Strychnine molecule has been largely used as a standard compound to test our
experiments because it displays a very interesting 'H NMR spectrum in terms of peak
dispersion and complexity. Nonetheless, an example of a more complex system is also
presented as an extension of our results, and to show how the proposed experiments properly
works even for molecules presenting high overlapped regions in their *H NMR spectrum, like,
for instance, the steroid progesterone.

Fig. 3.04 compares the analogues a/B- selHSQMBC-COSY and the sel[HSQMBC-TOCSY
spectra after selective inversion of all the non-mutually coupled protons resonating at 1.7-2.1
ppm in progesterone. For a better visualization, an expanded area containing the quaternary
C3 and C5 carbons is presented. Despite distorted cross-peaks are obtained in sel[HSQMBC-
COSY spectrum, the measurement of both the magnitude and the sign of "J(CH) can be made
with high accuracy and simplicity, and with a strong agreement with the results obtained from
the equivalent selHSQMBC-TOCSY experiment.

= e | 1n | i
] T I [
165
. m W - B0 d e
b ] i 0o il ' | g I
| 17
; 18C
182
180
) iB [ 1] 1 192
- m o | il i o o ] 20C
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26 24 22 20 18 186 14 12 ppv 28 24 22 20 1R 168 14 12 10 P

Figure 3.04. A) Expanded area of the a/B- seHSQMBC-COSY and B) a/B- sel[HSQMBC-TOCSY spectra in
progesterone.
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IIl.  Results and Discussion

1. Introduction

In this publication, different versions of the selHSQMBC-TOCSY experiment are proposed
for the fast an easy determination of the relative sign of heteronuclear coupling constants in
other heteronuclei than *C and examples are provided for *°F, 2°Si, *'P, "’Se and **°Sn. A TOCSY
block properly inserted at the end of selHSQMBC pulse sequence is able to extend "J(CH)
information through a complete spin system via J(HH) transfer, preserving the a/B- spin state
information of the heteronucleus in such a way that the relative sign can be easily extracted.

A 1D mode version of the experiment is proposed for those compounds having only one
single heteronucleus of interest. Additionally, another version without PFGs for coherence
selection is introduced for those compounds containing high natural abundance nuclei.

A non-refocused version of the sel[HSQMBC experiment leads to AP multiplets with
respect to the active J(XH). Thanks to the application of the selective 1802 *H pulses any J(HH)
modulation is efficiently removed , and therefore pure-phase signals without undesired J(HH)
contributions are obtained. We denoted this method as Up&Down (U&D) technique since the
extraction of the relative sign information is achieved by analysing the relative up/down or
down/up of the AP multiplet pattern.

For an accurate measurement of the "J(XH) value, two different 1D versions of the
refocused sel[HSQMBC-TOCSY IPAP experiment are also proposed. One of them uses PFGs for
coherence gradient selection, whereas the second omits them. We termed this method as
Left&Right (L&R) technique since the measurement of the magnitude and the sign is achieved
by analysing the relative left/right or right/left displacement of the pure IP a/B- multiplets.
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1. Intraduction

Thee determination of the magninsde of heteronsclear spin-spin
coupling comstants () plays a fundamental mle in the srectural
and conformarional characterization of organic and organometallic
melecubes in solution | 1] Unfortunately no much attention has
been paid o the determination of the positive/negative sign of a
coupling | 2], and this is essential to derive thearetical and experi-
mental comrelations with structural parameters such as dihedral
angles, pattern of bonds connecting the coupling nuckel, pattern
substitutions abong the coupling pathway and others. The theoret-
bcal calculation of coupling constants has become an important
tocl for the interpretation of experimentally determined data,
and also for the prediction of coupling constants that are not
available experimentally. Specifically, the knowledge of the sign
is mandatory for the proper measurement and use of residual
dipalar coupling constants [RDCs) in molecules weakly orented
in anisotropic media (1] or o pet mone insight about the
through-bond and through-space contributions in hydrogen-bomd-
ing inkeractions |4,

Hetein we introduce NMHE methodologhes that address some
remaining challenges in the measurement of heteronuclear J{HX)
coupling constants: (i) the general application on any type of high
(Mpand "9F are 100%), medium {1 "Sn (E6T) TT5e (7.6%. .. ) or low
natural-abundance ("*C (1.1%) "*N [(0.3%]) V-spin NMR heteronu-
clet; (ii] the measurement of small | values, including couplings
between remate spins separated for more than the conventional

* Loreeparading authaor.
E-miasl asdress troder are it ran (T, P,

HERD-TEOT(S - sew [reng marier © 303 Elsevier Inc. All righes reserved.
Btdp e, dlosd e 50, 108 | ot O D600 T

tweo- amd three-bond connectivaties: [iii) the | measurement on
multiplets with different pattern complexity; and (iv] special
emphasis for the easy determination of the relative | sign. Many
small molecules only contain a single X heteronuclews of imterest,
and therefore it could become mose convenient 1o acquine the cor-
responding spectra in a 10 mode, improving simplicity, resolution
and data collection speed up.

Z Resulis and discussion

Fig 1 shows two related approaches, referred to UpSDown
(LD and LefeBRight (L&R) methods, for the fase, easy and aocu-
rate determination of {HXL They ane based on a family of HSOMBC
experiments that have been proposed to determine small proton-
carbon coupling constants |5-7 1 All these experiments use selec-
tive 'H refocusing to ensure the absence of any HH modulation,
making the experimental extraction of | extremely easy from the
direct analysis of pure-phase signals, In the U&D-technique, a
"H-"H TOCSY transfer is inserted into the last zz-period of the Bagic
HSQMBC pulse train to extend the measurement to other protons
belomging to the same spin system [Fig 1AL The duratbon af the
TOCSY transfer perind can be optimized for each spin system wnder
study a3 usual. The resulting multiplers will present pure in-phase
{1F) patterns with respect to all HH couplings and anti-phase [AF)
pattern with respect o the active HX coupling. This aspeot of the
data albowes the extraction of the relative sign of J[[XH) by compar-
ing the relative upfdown or down/up phase between multiplets be-
cause the =2l spin-state af the heteronucleas i4 not affected by the
mixing TOCSY process, On the other hand. the magninude of f{HX)
can be measured analyzing te AP pattern (n cases of well resalved
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Fg 1. (A) Non-refocused § Lipérilows or LA} and (0] refocused | Lefiffight or LEAR)
VTS of che 1D 'u-xm-mawmmmmmnn
optimized fo 4= 4" P = 1{2 « fuyl where pygg is the duration of the selectiee
1RO "H gulie. The TOCSY tramiler conaists of & P-Aloered DIPS)-2 puiles crain of
duratian re wich an additional C6 gradient smaltaneoly spplied oo an adistanic
amsehed CHUB pulie 12 ¢ A T} B () T incdegeen-
dent [P and AP datasers are separaeely coliected 45 a function of the pulses maried
with = [P (W =y and c=on) sd AP (=2 snd o= olfl Separale o/f dala ier
obtained after time-domass sddicon’sebiraction data (AP« 7l A mslesss PW0-
step phase cycle i applied: @ = x -5 o0l g, =5 - x, The ratio between: gradienta
[with a duracion &) GGG G5:GE were sen oy FI0500 0707, where gy = pf
v Gradienty G and G are wsed Tor cohmmnoe patrway selection and they cam be
omitoed wien werking wich kigh-abusdan mckd, The cxperiments can Be alie nos
in 3E¥mode. Ser detalls on pulse sequence siming of these non-gradiens seleced 10
i I Experimenas in e Seppanting inarmation

misltiplets or using a fitting procedure. Importantly, the intensity
of a relayed HI-X signal does not depend of the [[H3-X) value
but the cumulative [H2-X)* TH2-H3] pathway in the form of
2H 3, X i A 08 R s Tl Al therefore small §HI-X) val-
wies can be effickently mexsured whenever TOCSY transfer is sulfi-
chently effecuive.

Fig. 1B shows the refocused LER version where IPAP selection is
achbeved by recording the experiment twice with modified refo-
cusing conditions: when the X pulses marked with ¢ are applisd,
K HX) is refocused to IP nature prior to acquisition wheneas that
AP magnetization | retalned if they are omimed. Time-domakn
12 AP data combination fedlowed by 3 conventional Fourier trans-
formation afford the separate - and p-spectra that allow the mea-
surement of small JJHX) values by anabyzing their relative signal
frequency displacement. The sense of this displacement also pro-
wides the relative sign of [HX] although thar of a reference peak
5 meeded to assign the absolute positivenegative value.

For bow-abundance heteromscled, the use of the G1 and G2 gra-
dients for coherence selection {G1:62 = puiyx ] s required to obtain
high-quality U&D and LER spectra For ligh-abundapoe nueleus,
such as "°F or *'P, gradients are not really needed. rendering the
pulse sequences much more simpde and sensitive (see Fg 51 in
the Supporting information for the corresponding pulse timingL
Im all cases, anly H-X couplings that can be measured from a single
10 measurement are for those protona which ane part af the same
sequience of coupbed protons as the selectively excited proton.

Several examples on standard molecules are shown here 1o
illustrate the main features of the proposed experiments. For in-
stance, although the magnitude of proton-phosphorus coupling
comstants, [[HP), can often be measured directly from the conven-
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Fig 2. 10 "H=""P{8] U8 and (C) L&K spectra of 0.1 M allyliri phenylphoaphomium
breorade (1) B (DOC], sequired with 1B polie srquesees of Fg 1A and BB,
respectively, without gradient coherence selecton [wee Fg 51 in the Supporiing
imfoemation]. The H i prolon was srirctively excited withis 20 e Gaaisian- thaped
180F "H puadeer andd the inber-pulse delay and mixing times were optimized to &0 ms
and 40 s, regsectvecly, d sgans were cellineiod with a el etion delay of 1 &, giving
an experimental rime of only 16§ for each 10 spectirum.
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Fig. L 10 "H-""F (5] LS and (C)LER specera of 0L} W 2-Nomupyridine{2) in COCH,
aorquined with the puber seqursses of Dz 14 and T8, respecterly, without gradient
coheEnenoe selecthon. The HI pronos was selsciively excined wich 3 30 ms Gaussian-
shaped 1B0F "W pulse and the inter-pulie delay and mixing Bimies wene oplissaeed o
6 v w40 i, Tespectively. 4 Scans were collected with a relanation delay of 1 5,
giving am expermmental bme of ooly 138 for each 10 specinem

tinial "H multiplets or fram simplifisd multiplers obtained from
equivalent "' P-decoupled 10 proton spectra of organophosphorus
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Flg. 4 10 "0H-"""n (1) U0 and | ) LAR wpectra of 0,1 8 iribratyll 4. 5-dibydeoduran-
2yitamane, 3, in COCH, acquired wigh the pulse seguence of Fig LA and 18,
respoctively. The H3 protom was selectively excied with a 20 ma Gaussian-shagped
¥R0" " g and the inber-pulse delay and mising times weee opgimided o 50 m
and A0vme, respentively. 32 scams were colleored with a relaacion delay of 1 &
giving an experimental time of 1 m 40 s for each 10 spectrum.

compounds {Fig. 1) the information about the sign is not directly
available, The relative sign of {HP) can be quickly ascertained from
the relative USD peak pattern [ Fig. 28) taking the relative up/down
phase of the J{HPF) connectivity as a reference for positive signs,
Although the analysis of the AP structure can also provide the
magnitude of {HX), partial cancellation of multiple lines or the
displacernent of peak maxima can complicate the mexsurement
and a further fitting peak analysis/simulation can be reguired to
minimize possible errors in the measurement. For the accurate
measurement of [ values irmespective of multiplet complexity o
partial signal cancellation, the use of the refocused LER method
can e most suitable. Fig. 2C shows how the relative LER displace-
mient becomes a simple, fast and powerful way o directly extract
the information of both the magnimde and the sign of {HF) oou-
pling constants |EL

Ini a simdlar way, Fig. 3 shows the fast determination of all pro-
ton-fluorine coupling comsgants, NHF), n 2-Mleropyridine, 2
[2,10). It is shown that the effective TOCSY transfer facilitaes the
straightforsand and sensitive determination even for the Tour-
and five-bond proton-fluorine coupling constants in the same
experimental time required for a conventional "H spectrum.
Whereas the relative sign can be readily obtained from the L&D
multiplet pattern {Fig. 18], both the magnitede and the sign are ob-
rained from the LER version [Fig. 3C), The HE profon can be used as
an example 1o compare the main features of L&AR vs. URD analysis.
The small *KHE-F) value causes its AP multiplet presents reduced
intensity although that the relative L&D pattern evidences a nega-
tive value compared with the reference H3 proton. Mote how an
acourate value of —1.3 Hz is easily determined from the direc
L&R analysis of the pure in-phase affi multiplets.

Fig. 4 shows the URD and L&R specira of an organotin com-
pound, 3, acquired with gradient coherence selection [11].
Whereas the clean U&D spectrum (Fig 48) clearly reweals the
opposite sign between the large X H-5n) and '} H-5n) couplings,
the additional small J{H-5n) couplings can make difficult a clear
visualization of coupling patterns and the accurate determination
of their sizes, The analysis of the LAR multipbet patterns [Fig. <C)
allows ang accurate measurement of the tiny “KH-Sn) and %J[H-
5m] (<1 He) couplings alang with their absolure signs, Other exam-
ples descnbing the challenge to measure the sign and the small
magnitde of long-range J{H-52) and {H-5%) coupling constants
in organoselena [12] and organosilicon |13] compounds, respec-
tiwely, are available as a Supplementary maienal (see Figs 52
and 53 in the Supporting information L

1 Conclusions

I surmmary, we have proposed an efficient MR technique for
the general and easy determination of both the magnitude and the
relative sign of heteronuclear coupling comstants in 2 wide range of
conditiens and different heteromecler. The measurement relies in
the direct analysis of resulting pure-phase multiplets, withoat
amy further dara treacment. The L&D method s recommended
when short T2 relaxation times are present or when only the sign
information is of inerest, On the ather hand, the inoonvenience o
manage AP multiplets makes the LR method highly ansenable o
mexsure very small coupling constants even for complex and
non-resolved multiplets by considering only the relative signal
requency displacement. 20 versions of the method are alss appli-
cable to molecules having many different active heteronuclei (see
Figs. 54 and 55 in the Supporting information) amd the concept
can be extrapolated to measure other type of couplings involving
other heteranuclel than "H for detection.

4. Methods and materials

MME experiments were recorded on different spectrometers: a
BRUKER 600 AVANCE I+ equipped with a 5-mm broadband probe-
head incorporating a z-gradient coil and a BRUKER AVARNCE 1
400 MHz spectrometer equipped with a BAFO broadband probe-
head incorporating A r-gradient coil. The imerpulse delay
A=A+ Praeal2) = 1/{4 = KXH)L where the seledtive 1800 'H
pulse [Pyppse] with a duration of 20 ms had a Gaussian-shape in
all cases. The recycle delay was set at 1 5, Gradient G4 acted as a
ze-filber whereas gradients G3 and G5 fanked the inversion proton
pulses to generate pure selective refocusing elements. The TOCSY
transfer consisted of a z-filtlered DIPSE-2 pulse train of duration
T (40 ms ) with an additional G6 gradient simultaneously applied
e 3 3 ms adiabatic smoothed CHIRP pulse o remoyve anwanted
£ contributions. 61 and G2 were used for coberence selection.
All data weere acquired and processed with the TOPSPIN v2.1 soft-
ware package.

The test samples used in this work wene; 30 mg of allyltriphe-
mylphosphonium bromide dissolved in 06 ml of COCT, 25 mg of
2-fluoropyridine dissolved in 006 ml of CDCH, and 30 mg of tribue-
tyk4.5-diydrofuran-2-ylstannane (3) dissolved in 06 ml of
COly

Dretails for spectra of Fig 2: 10 "H-""P zz-2elHSQMBC-TOCSY
and  selHSQMBC-TOCSY-IPAF  experiments were  recorded  at
600 MHz. The interpulse A delay was aptimized to 8 HE 4 scans
were accumulated, the number of data points was set 0 16,384
ard the spectral window was G009 Hz. The overall acquisition time
was 1635 The acquisidon tme in r; was 136035 with a FID
resolution of 0.733 He
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Details for spectra of Fig. 32 10 "H-""F 2z-selHSQMBC-TOCSY
and  selHSQMBC-TOCSY-IPAP  experiments were reconded  at
400 MHz. The interpulse 4 delay was optimized o B He. 4 scans
were accumulated, the number of data points was set to 16,384
and the spectral window was 2000 He. The overall acquisithon time
wias 33 5 The acquisition time in ry was 4,09 2 with a FID rewolution
of 0122 He.

Details for spectra of Fig. 4: 10 'H-"""Sn zz-selHSOMBC-TOCSY
and 1 0-sel HSOMBC-TOCSY-IPAP experiments were recorded at
GO0 MHz. The mterpulse delay was optimized to 10 Hz. 32 scans
were accumulated, the number of data points was set to 16,384
and the speciral window was 8417.5 He The overall acquisition
time was 1 oin, 4 s, The acquisition time in £; was D487 5 with
a FID resalistion of 2060 Hz

All pulse program codes are available from our web server at
htrpe/fsermmuab.cat.
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Figure S1: 1D} versions of the A) U&D and B) L&R "H-X selHSOMBC-TOCSY
experiments without gradient coherence selection. All experimental details are exactly
the same as described in the origingl sequences deseribed in Fig. 1, except that the Gl
and G2 gradients and their related delays have been removed,
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Figure 82: 1D 'H-""S¢ B) U&D and C) L&R spectra of 0, 1M selenomethionine (4) in
;00 acquired with the pulse sequences of Fig. 1A and 1B, respectively. The H4 proton
was selectively excited with a 20ms Gaussian-Shaped 180 'H pulse and the inter-pulse
delays (A") and mixing ime (1) were optimized to 50ms and 40ms, respectively. 128
seans were collected with a relaxation delay of Is, giving an experimental time of 10

minutes for each 113 spectrum.
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Figure $3: 1D 'H-Si A) U&D and B) L&R spectra of 20mg of DSS in 0.5ml DyO
acquired with the pulse sequences of Fig. 1A and 1B, respectively. The H2 proton was
selectively excited with a 20ms Gaussian-Shaped 180° 'H pulse and the inter-pulse
delave (A7) and mixing time (1=) were optimized 1o 42ms and d0ms, respectively. 64
scans were collected with a relaxation delay of 15, giving an experimental time of 3min
30s for each 10} spectrum.
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Figure 54: 2D versions of the A) UKD and B) L&R 'H-X HSOMBC-TOCSY
experiments with gradient coherence selection using the echo-anti‘echo protocol. All
experimental parameters are exactly the same are optimized as descnbed for the 1D
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Figure $5: Expanded arca of the 2D 'H-"'C U&D specira of a sample of 0.1M
strvehnine dissolved in CDCl;. The pulse sequence of Fig. S4A was applied with a
40ms Gaussian-shaped 180 'H pulse applied on protons (H14, Hlla and H18a)
resomating at 3.1 5ppm. The experiment was optimized to 8 He, 1D slices taken ot the
chemical shift of the quaternary C10 and C21 carbons are shown to illustrate the relative
up/down relative phase of cach individual cross-peak. 4 scans for cach one of the 128 1,

increments were collected giving an experimental tinve of 10 min.
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IIl.  Results and Discussion

1. Introduction

In this publication, the effects of J(HH) modulation into the phase multiplet pattern of
cross-peaks obtained in HSQMBC-like and HMBC-like pulse sequences are evaluated. It is
shown how the IPAP methodology is able to equally preserves the undesired effects of J(HH)
evolution in a- and B- selHSQMBC spectra, because the distorted cross-peaks obtained in both
IP and AP data are equivalent’. J(HH) modulation effects are first tested by simultaneously
inversion of two mutually coupled protons, and then the IPAP methodology is implemented
into broadband versions of the regular HSQMBC and HMBC experiments in order to
extrapolate the obtained results for the entire proton signals.

It is also shown how, with a slightly modification in the pulse schemes, an hybrid HMBC-
COSY experiment can be easily designed, becoming a good complementary tool to the
analogue HMBC counterpart, with the aim to obtain new cross-peaks that might be missing in
the regular HMBC experiment due to the intensity dependence with respect to the magnitude
of "J(CH) value. Such strategy is also performed for a broadband version of the HSQMBC pulse
sequence. One the other hand, an assessment on the J cross-talk effects using the IPAP
methodology is also presented.

The main goal of this publication was to design NMR methodologies for the
measurement of heteronuclear coupling constants that could work in a broadband manner,
avoiding thus the use of selective pulses and reducing spectrometer time. In addition, the
proposed methods can be recorded with minimum set-up calibration under full automation
conditions.

1
See Publication 3 in this thesis work
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On the interference of J(HH) modulation in
HSQMBC-IPAP and HMBC-IPAP experiments

Josep Sauri and Teodor Parella*

The effects of phase modulation due to homonuclear proton-proton coupling constants in HSOMBEC-IPAP and HMBL-IPAP
euperiments are experimentally evaluated. We show that accurate values of small proton-carbon coupling constants, “Jey,
can be extracted even for phase-distorted cross-peaks obtained from a selHSOMBC sxperiment applied simultaneously on
two mutually Jcoupled protons. On the other hand, an assessment of the reliability of "Jo measurement from distorted
cross-poaks obtained in broadband IPAP wversions of equivalent HMBC and HSQMEBEC experiments is also presented. Finally,
we show that HMBC-COSY experiments could ke an excellent complement ta HMBC for the measurement of small ", values,

Copyright © 2013 John Wiley & Sons, Ltd,
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Introduction

It & known that the evoluton of homonudear proton-protoen
coupling constants Uhe) dumng the long defoousngiedoouking
periods i long-rangs  heteronudear comelation experiments,
commanly referned as HMBC" ™ or HSOMBC™ guperiments, causes
important intersity and phase signal modulstion effects. The
resulting complex: cross-peak shapes generally make diffcult a
simple data analysis that often peevents am accurate  and
direct extraction of small proton-carbon coupling constant values
("dag 7= 1) Several approaches have been proposed 1o sobve i
The first is post-processing technigues trying the optiral matching
between experimental and ssmudated shaped wting & fifting
procedune from a reference cross-peak” ™ This solution has been
widely applied, bus it strongly depends on the perfect complemen-
tarity between the reference and the expenmental signals o be
fitted. Other proposals are based on modifed pulse seguences
with the aim o minimize or avold the unwanted evolution of
Jsi. Improved HSOMBC experiments based on the use of simulia-
neous CPMG-XYIE pulse trains in both 'H and ''C channels
have been propesed, but it has also recognized some associated
inconvenience such as sample heating, offset dependence and
imperfect remaving of Jey effects under strong  coupling
conditions.™ 7 A simples approach should be the use of selective
180° 'H pulses 1o peevent any ke evedution™ with the ExsiDe™
and selHSOMBC '™ experiments being two powerful examples. of
this class of selective experiments for the straightforward
ridasurement of ",

O thie other Fuaned, it has Been shown that the incorpoesation of the
IPAP principle in HSOMEBC experiments affords a powerful technigue
for the measurement of "Jo with simplicity and accuracy from the
analysis of the relative displacement between two sepamate o/ com-
ponents "™ ™ in particular, the relerred 20 selHSOMBC experirmsnt
has been proposed for the fast and divect measwerment ol "o,
coupling values from pune abworption phiie multiplets along the
detected F2 dimension '™ A brosdband HSOMBC-SPAP version was
also proposed, whers "L, could be extracted from distoned Cross-
peales and independent of their complesities '

In this work, the effects of phase modulation duwe 10 Ly in
HSOMBEC-PAP experiments are experimentallly evaluated. We want
to clasify if "Jon can be efficenty measured from the resulting
phase-distoried cross-peaks of a sefHSOMBC experiment applied
simultaneously on two maually ooupled protons. On the other
hand, we want o extrapolate these mles in the evaluation of
distoned croti-peaks obtained from brosdband IPAP veriions of
equivalent HMBC and HSOMBC pulse trains, Finally, a discussion
on the usefulness of complementany HMBC-COSY and HSOMEBC-
COSY expariments is made in onder to detect and quantify "L, in
a variety of conditlons and especially when some expected cross-
peaks are absent in onginal HMBOHSOMBC specra

Results and Discussion

The pulse sequence of the 20 selHSOMBC experiment is basically
a mefocused long-range optimized HSOC experiment where the
central 180° "H pulses were applied on a single 'H resonance
1o avoid any interference from other be coupling constants "™
Thie IPAP methodology i3 based on the acquisition of two
separate in-phase (IP) and ani-phase (AP) data resulting from
the evolution'nd evohstion of "Js, during the last refocusing
periad. In principle, for a fieed A delay optimization, it would
not be possible 10 obtain a perfect signal refocusing in 1P exper-
iments for the complete range of existing "o, values. Thus, for an
tsolated bang-range coupled C,-H; two-spin systerm, a mixture of
IP and AP magnetization components is obtained after the last
réefocusing INEPT period that viually would result in mixed-phase
cross-peaks:

* Comewpondence fo: Teodor Moraia, Servel de Renondnoa Magnéico Nuckear,
Linveprsitot derdnoma de Bororiorwr, F08 120, Bellterma, Cotminesin; Spain. £-mad:
heodor poreilie@uch cor
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+ Hysin®{x"Jpd) 1 pesylts when applied to an Bolated "H resonance (s shown in

Fig. 1AL A 90" T pulse is applisd prior to ACQUISIEON 10 CoMwert

in the original sel — o P—— the AR E:H'Ilrlh.r!m to  non-detectable  multiple-quantum
contribution was remaved by converting it into non-detectable

H,C, magnatization using a 90° "H pulse applied from the j-asis: + 2H, Cosin(n ol oo n o) + Hosin® (et} (3]

— 2HC a0 2 Sl e " el ) + Hosin' (2] D)
The complementary AP data are recorded in the same way as
reponed previowsly [by omitting the lagt 90° and 185 "'C pulses
Howewer, this last 90° "H pubie could provide 'M-'H COSY  marked with r in Fig. 1], snd signal intensity will present a sin
trarifier if dome fe modulation i present, as reparted in the  (2"d) intemdity dependence, One preliminary expérimental
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HMBC-COSY ewperiments, Rectangular 90" and 1807 pulwes. are indicated by thin and thick black bar, respectively, and " sedective 1807 Pk o shaped
bars. Phases are indicated sbove the pulies (whene no phade is given, the pulie B appled along ). The baic phase cpcle was @ - @ x-x e
phise (P Way, « = on) and antl-phaie (AP, Yo, o = off) dats dee recorded separsbely and combined in the time-domain (AP £ IF) to provide 2/f spedira
The interpulie delayt soe et o A= A"+, r,:h'l',.'!‘"')._-,..h. wherrp...l:llhe duration of the selective 160° deu In (BL 5 BRED efement i3 inderted
hﬂHHﬁﬁmmmxdm J.;Hr.u'reuﬁ:-'n Itzlﬁl‘MInmmmlammmuﬂ bry a0 rwvo-step bow-pass filter {7, and 1)
optimioed a4 described in Rl ', The optionsl 90° 'H pule inssrmed into & o in (B0 and (0 stands for the obtention of COSY-ke ipecira.
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KHH) modulaticn in HSOMBC-IPAP and HMBC-IPAP saperiments

condition established for an optimal perdformance of the
selHSOMBE expenment was that when multiple pratons were
excited, they must not be mutually coupled in order 1o avoid
any s evolution that would generate phase-distorted
mutipbets. First, we have wed the pulse sequence of Fig. 104}
to study the practical effects associated with the gy evolution
on "lo measurements when two Sminually coupled protons
are simltaneously excited by the selective 180° 'H pulse. Figure 2
(A) and (B) shows the separme selHSOMEBC-IPAP spectra after
Individhsl selection of the geminal H15a and HISh pratans in
strychnine (1), respectively. Impartantly, all observed cross-peaks
present excellent pune phase multiplets from which a very accu-
rate measurement of "l slong the F2 dimension can be easily
made. As a companison, Fig. 0 shows that the simultaneous

(A)

H15a
L
1 3
&
2] 4G
“.
100 |
120 -
o | L
24 18 ]
re 4.1
af
1P
i4 Fom 15  ppm

Figure 2. EMect ol g modulation in selHSOMBC experimentic (AR urgle-freguency

selection of both skgnaks using a shifted laminar pulse in a single
selHEOMBC expenment produce the wame reslts in terms of
seniithaty and performance. Logically, the evolution of thesr Lange
mutwal coupling |* 4. e = 145 Hz) generates dintoted phase
cross-peaks, Thus, comsidering a theee-spin system giving a long-
range cross-peak H2-C1 (" _y) and where the H2 protoen is also
coupded 1o a thind HI proton spin with g o the oross-peak
intensity In IP-selHS0OMBEC and AP-selHSOMEBC data will depend
basically on BEgrs (4a) and (4b), respectively:

Hasin® (2 ey gyl 005 [ b s lh)
F2Hy Hysin (5" - o) cot(mbgpald) "sini mho paldl)
(4a)

==

100
120

129 64 g 140

a5 f2e) 15

T8 a8
4 pm 15 ppm
ane (0 sirmaain 1% thaal-sne extitsion af H15s and

HU5h proton rescnances in strpchnine. Below each 3D specirum appean 10 iraces taken a1 the 13 casbon freguency. Wheress pure-phase IP and o/ff
components are obtained in (&) and (81, divioned muhiplets are obasined in (€] due to the evokation of its mutusl §.. Even so, the extraction on i can
be mude for these ditorted o/ f cross-peaks and with the same sccurscy than the original cne-site spectra.
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Although both 1P and AP signals contain an  additional
micture of in-phase and anti-phase contributions from the
homonuclear Ly coupling, the o crods-peaks resulting from
the IP+ AP combination will present the same relative shift
digpdacerment as found in the separate experiments, and there-
fore, the extraction of "io, coupling values will be equally feasible
showing a strong agreement with the values exiracied from
individual spectra, The main explanaticn for such an observation
is that IP and AP data only differ in the eventual application of ''C
pulses, and this does not produce & dilferential Js modulation
between them, Thus, IF and AP daga will présent the same riulli-
plet structure and phaie with réspect to by, and the resulting a0
multiplets will retaim equivalent by, distortions that will allow a
refiable comparison,

Figure 3 shaws a practical example of band-selective HSQWBC-
IFAP experiment when only all resonances appeasing at the re-
gion between 3.7 and 4.4 pgem are simultaneoushy refocused. "1,
vt up 1o six different signals can be extracted from thas single
NMR experiment acquired in the wame experimental conditions
and overall acguisition time as described in the spectra of Fig. 2.
Whereas pune phiase multiphets are obtained for the nan-mutually
coupled Hata, HE, H16.and HI 2 protons, distored cross-peaks are
obtained for the geminal H23a/H23b pair that forms a two-spin
AR spin systern with a mutual coupling of *fegy, pam=138HE
As shown fram the 10 wraces and despite theie phase
distartions, the magnitude of “J-y can be equally extracted by
matching the relative «/f displacement.

A broadband wersion of the 20 HSOMBC-IPAP experiment
where the effects of fus were more pronounced was abso
reparted.' " A5 discussed earlier for the selective version, the

sequence proposed in Ref, T used a last 9000 "H pulse w
1A}

2 Ba o, 8 o

- - -

e g H o~
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Figiae 3. (A 20 selHSOMBC WP AP specirs after selective refocusing (with a 12-ms REBURF 1807 "H pubie] of the region o

g #n 2 &

o

J. Saurd and T. Parefla

remave AP contributions due 1 ", in the P data. Strictly speak-
ng. this propoded sequence was an HEOMBC-COSY experirment
because this pulse abso acts as a homonuclear "H-"H COSY
transfier, Here, the possibilities of this expediment are revisied
by proposing IPAP versions of the HSOMBC and H3OMBC-COSY
eaperiments (Fig. 108)). n addition, new pulse schemes for
analog HMBC and HMBC-OOSY experiments are also described
{Fig. 10CTL Specificalty, the only difference between H3OMBLC!
HMBL and the relayed COSY countenparts rely in the application
of the last 90" "H pulse from the y-axis, whereas all other experi-
mental details remain exactly the same,

As described in Eqns (4a) and {4k}, the miensity of a HZ-C1
cross-peak in HSOMBC or HMBC experiments will depend
basically on its "le,y. v value, Otherwise, if a Ainal 90,0"H) pulse is
applied, COSY transfer between the two perotons can be acoom-
plished if AP Ay components are available, Thus, the intensity
and phase of a thearetical H2-C) cross-peak in IP-HSOMBC-COSY
experiments will depend on the additive “Jey gy and "l
coupling mechanizmi:

— Hay3in® [ 5%y ezt "oos? (mhi_all)
+ 2Hz Husin® | 8ey _pall)"cosinhg al) sinfrbhg md) (5

The complementarity between these two approaches i based
on the fact that whereas the intensity of a H2-C1 Cross-peak in
the HSOMBC experiment basically depends on the sin[z" ol
fumcthon, sofme rdssing oross-peaks can become observable in
HEOMBC-COSY spectra even when "y values are close 1o O
A in HSOMBL. the same main conclusions can be extracted when
anahyzing the analog HMBC counterpart, where the main differsnce
redies in the additional evalution of Ly, duing the varisble 1, period.
The evolition of multiple-guantum  coherences  introduces
additional distortions into muldplet shapes in both F2 and F1
dimensions although, in practice, this does not affect the "Ly

msasunement via the IPAP peinciple.
B * 5.6
® e
el -, PO e
. .
2.5
g2 3T 249 i
A~ i
4
c21 B 4o g
. M '?'.."'!_,._ — | |
it
LR T \
1
A L l f_
42 40 38 ppm
d at 4.0 ppen compiris

sin different resonances: [B] comesponding 10 slices taken 22 the C12, £22 and £21 mm#ﬁhdﬂﬁm:puhammﬂﬁww
between relative shifted =/f cross-peaks allows the measurement of "l independendly of the phase distortion and multiplet complesity, The mark *

seands fox the residusl i, satelite sigral arising from H12 proton.
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KHH) modulaticn in HSOMBC-IPAP and HMBC-IPAP saperiments

Figure 4 shows the IP spectrem of the 20 broadband
HMBC and HMBC-COSY spectra of 1 scquired with the pulse
schemes described in Fig. 1(C). Basically, we can obierve that
$ome croji-peakes are presem in only one of the two spectra, As
discussed before, the evolution of sl Jie produces high distorted
rdtiplets that prevent a direct multiplet analyis. Howewves, the
appdication of the AP princple yelds two complementary
I and AP cata that afver linear tme-domaln data combsnation
(AP = 1P] followed by eomventional processing afford two equally
distarted =/ multiphers that can be directly analyred. Figure 5
shoves several 10 traces extracted from different carbon frequen-
cies in the spectra of Fig. 4(A] 1o demonstrate that "Jg, can be
efficiently determined in & variety of situations, for different miul-
tiplet complesities and for a wide range of "y values provided
that the peak b observed with reasonable sensitivity. Figure &
shivwi an expanded srea comesponding 1o the H15a proton,
wihare five different correlations can be visuabized in the 1P and
AP spectra. Note that independent of the degree of distortion
and multiplet comglesity, "J- coupling values in the range of
3-BHz can be easily extracted by companng the relative shift
displacement between 2/ mudtiplets in an 8-Hz optimized
experniment.

The percentage of cross-talk obtasned from the IPAP procedure
follows the same general [sinde™Soud) — 1VTsinge™ ) + 1)
dependence a3 descibed eaber'" In practical temms, this
percentage is not alfected by the presence of Jey modolation,
and reliable measurement of ", can be made over a wide range
af walues, For instance, for a typécal 8-Hz optimized experiment
(&= 625 ms), the nonmalized intensity (and pevcent of cross-talk)
of an isolated CH cross-peak having a coupling of "l =8Hz
{oroas-talk =0%%) should be theorstically 1 in comparison with
03 for a cross-peak with “Joy=3Hz (cross-alk=28%)1 This
relatively high level of crosstalk percentage i not an

ila nil
Lo g
5 o
h L) L)
s (A) o
100
I ‘: - - .
1m - .li # =k
s iy 8
v e (I ] L]
100
b 3 = J
150 %) s i
" & 4

8 T L 5 4 3 2

Figure 4. (A HMBC and (B HMEC-COSY spectra ol 1 acquined wsing
pulse scheme of Fig. VW) (without ansd with the L1 507 H prlse, redpi-
tivelyl. Only the refocused IP data, oplimized to B Hz, are displayed fo
visualize the presence of different coross-peaks in both specta.
Highlighted bomes are dacissed in mone detsd in Figs. 5, 6 and 7
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Figure 5, Selected 10 slices extracted from different carbon frequencies.
in the HMBC-IPAF (Fig. 40} Nobe that, in genenal a giobal extraction of
" keyy walues can be made for a cross-peaks showing optimum shgnal-io-
nosse ratho, depondent of thesr complesity, The marked boo covers
the multiplets presented in Fg. &,

impediment far & rellable measuremaent as shown, for instanoe,
for the 33Hz value measured experimentally from the tiry
H1%a-C12 cross-peak that B in good agreement with the
measuwrement made from pure-phase &/ selHSOMBC multiplets.
In practice, the major hindrance 1o expedmentally measure a
coupling of 3Hz is the very bow sensitivity of the correspanding
cross-peak. The theoretical relative infensity of two peals with
“dew =B and 3Hz on a 6-Hz optimized experiment (A=833mi)
should be 075 (7% cross-talk) and 0.5 (17% cross-talkd, respec-
tivedy, providing a mone average behavior In terms of sensitivity
and eross-talk aver the complete range between 3 and 5 He. Very
impartantly, .y modation can seversly affect the mtensity of
cross-peak, and this can prevent some measurements. For
imstance, a signal having a large "Joy =B He and a single hamenu-
clear coupling ol fig =8 Hz would give a null intensity in an B-He
optimized experment. For this reason, sometimes the acquisition
of an additional experiment optimized to anather " value can
be helpful 12 enhance the observation of tiny or misskng oross-
peaks provided that the wuse of longer pesiods do not affect the
overall sensitivity by the major effects on T, relacation.

An ahernative 1o record 8 second different optirmized expest-
ment should be 1o take profit of the excellent complernentariny
between HMBC and HMBC-COSY experiments (Fig, 4[A] vs (8]},
a3 chearly demonstrated for the different correlations observed
for the H13 proton (Fig. Tk Four cross-peaks are clearly visible
and quantifiable in the HMBC-IPAP spectra. They comespond 1o
two ) and two *J connectivities showing large J values because
of thesr sine function mensity dependence. On the ather hand,
the HMBC-COSY-IPAR spectra afforded five different comelations,
all showing similar coupling patterm shape. These misted corels-
Tions in HMBEC comespanding 1o one *J twa ) and to *J connec-
tivities are due to the additive "l + de ransfer mechanism. it i
very important to highlight that acourate determination of very
small "y, vabues, even smaller than the lne width, is possible,
thanks to the IPAF approach, As pointed before, the intensity of

wilgponlinelibrary.com/poumalimec
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Flgune 6. LA) Expandid 20 aeeas cormeiponding o the HESa proton & IPPAF and w0 HMBC specirs, and (B 10 plude-Peisted Crodd-pebaks. Laken ab
diffprenit fhr carbon irequeendies. Dispte I and AP date are 100 diffsult 1o try 8 simple miduiplet analysis, the relathe daplagement slong the F2
dimention betaeen offf multiphets slows o direct, Tast. simple and stcurste mesisement of "o, Hote thet 88 coupling constant vabues fall within
thie rnge 3-8 Hz, and they can be measunsd withowt the presence of pronounced orods-talking.

these CO5Y H13-L, cross-peaks does not depend on its dinect
" h1ee coupling but on the additive b, and i g (egual 1o
10.5Hz) coupling pathway, Note that from the combined infor-
miation of these Two spectra, a total of nine different comelations.
are observed and efficiently quantified although the methad is
not sign semsitive, The concerted use of HMBC and HMBC-COSY
eaperiments can be a rellable altemative to other proposed
approaches such as the use of different delay-optimized experi-
ments" "™ or the use of accordion spectroscopy.” "

Figure B compares the different relatve sensitivity of the
HMBLHMBC-CO5Y with that of HSOMBCHSOMBC-COSY experi-
ments. In general, it can be stated thar HMBC spectra showed a
sghtly better general sensitivity than HSOMBC spectra In
addition, we can say that both approaches show similar comple-
mentarity, and the measured “Je values ane in good agresment
between them. However, the intensity and phase distortions. for
each individual cross-peak willl depend on the different Ay,

wileyonlinelibaary, com/journalimig
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modulation, and they will show a different pantal signal cancella-
ton due to AP contributions in HMBCdike and HSOMBC-like
EAPETITIENTT.

In summary, i has been shown that the phase distortion
caused by Ay modulation in selHSOMBC experiments is not a s
rigus impediment for their successfl pedormance on mtually
coupled protons, This reinforces its applicabality because a single
selHSOMEC experiment is not exclusively limited to a single "H
resonance, This pamiculasity makes the sslHSOMBC far superior
10 the analog EXSIDE expenment where the absence ol mubual
Kus 1% & requirement when muhiphe protons are excited. it has
been shown that the IPAP technique can be successully applied
in bath selective and non-selactive vertions, providing two
equally distorted spin-state selective multiplets from which "y
can be made measured along the F2 dimension irespective of
multiplet complexity and phase disterion. In addison, broad-
band HMBC-COSY (or HYOMBC-COSY) experirment proves 1o be

Magn, Reson. Chem, 2000, 51, 205-514
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HMBC-LOSY spectin begaiane crodi-peak inteniites depend on the addithenal COSY Ly, traasher and nod far the dinedt "L, coupleg. The exceflent rei-
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Figura B. Compartcn of the sams 10 slior taken at £12 chamical shift in (4) HMBC, (B) HSOMBE, (] HMBC-COSY and (D) HSOMBCLOSY IPAF gxper:
iments. Hote that refisble 7, vahoet can be measured fof all cross-peaks presenting gocsd sensitvity,

a helplul complementany tool o the conventional HMBC (or
HSOMBC) experirment because it can highlight sorme kew-imen-
sity andlos missing cross-peaks. The only difference between
bath approaches relies in the single application of & final 90° 'H
pulse, and this doss not mean an additiona penalty on glabal
sensitivity or additional set-up. The concerted use of HAMBCS
HMBC-CO5Y experiments allows the detection and guantification
of a complete set of ", and parioularly, HMBC-COSY can be a
powerful method 1o measute very small ", values in guatermany

Mogn, Reson, Chem, 20V, 51, 509-514
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carbons. All the described methods can be suecessfully applied w
other beteronucles making them a powerul and general
approach to measure other heteronudesr coupling constants,

Methods and Materials

All NMA experimenis were recorded on @ Broker DRK-500
specirometer [Bruker, Rheinstetten, Getmany] equipped with a

wiloyonlinelibrasy com/poumalimig
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thiree-channe] 5-mm cryoprobe incorporating a z-gradient cod on a
001 w solution of strychnane, 1, in COC, 20 "H-"C IBHSOMBC and
AP-HSOMBC experiments were separately recorded as described in
Fig. 1 by using a repetition delay of 15 between the subsequent
transients and the interpulie  delays that were optimized to 8Hz
(B Bk Py = 12"y, Where pogg b the duration of the selective
180" "H pulse). For selective reloousing in selHSOMBC experiments. a
Gassian-shaped 1607 pudse of 20 ms duration (Pl and a REBLIRP-
shaped pulse of 12 ms were spplied in g 2 and 3, respectivey.
Sine bell-shaped gradiems of 1 ms duration (5] wene wsed,
followed by a recovery delay of 100 The gradient ratios
described later are measured a3 percentage of the absolute
gradient strength of 53.5Gkm, In $EHS0MBC and broadband
HSOMBCHSOMBC-COSY experiments. the gradients wene opti-
mized to G1:62:63:64:65=80:30.0:11:%0: 17, In broadband
HMEBL/HMBC-DO05Y sxpernments, the gratdients were optimised
o G162 0368 G5 =40: —40: 2001 : 15 —10: —5. To minimize
diréct responie crosi-peaks, 8 BIRD element (optimized to
140 Hz; 'r=1|'ri"',l[..]=1lim:.] wis placed into the initial INEPT
block of HSOMBC expeniments (Fig. 1BI. whereas a dualstep
low-pass Shlter element [delays ¢ and ¢ were optimized as
described in Ref. " setting founee @00 o, 10 160 and
130 Hz, respectively] was wsed in HMBC experiments (Fig. 101
All experiments were acquired and processed using the echa/
anti-echa protocol. Four scans were accumulated for each one of
the 128 1, incremments, and the number of data poants in the
acquisition dimiension was et to 4096 The overall acquisition tme
for each IP and AP data was about 12 min, which were added’
subtracted in the time-domain o provide spin-state selective data
Priar 1o Fourier transformation of each data, zero filling to 1024 in
F1, 8192 points in F2 and a squared-cosine-bell function in baoth
dimensions were applied. Specral windows of 22 500 Hz in the F1
dimension and 2000Hz in sslective experiments and 4500 Hz in
brosdband versions in the detected F2 dimension were used.

wileyonlinelibrany comjournalimeg
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I1l.  Results and Discussion

2. Extension of the results

To demonstrate the reliability we show the results obtained in a more complex molecule
like progesterone.

In Fig. 3.05 it is shown the magnitude of "J(CH) coupling constants belonging to
qguaternary carbons C3 and C5 from the sel[HSQMBC-TOCSY IPAP experiment after selective
inversion of all the protons resonating at 1.7-2.1 ppm. Below (Fig. 3.06B) it is shown the same
expanded area using the HMBC IPAP experiment. Despite the fact that some small values are
missing in the HMBC IPAP due to the direct signal intensity dependence with the "J(CH) value,
it is clearly visible an excellent agreement between both experiments.

el e T, A = pom
B or 8 0 o e L >
C5— @ up § 0 O i ;Tm ; . )
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t . o=
(0 180  cs —J*-~"~*+*i*=x~1-l reinlbl W
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C3—

Figure 3.05. Expanded areas and 1D traces corresponding to C3 and C5 carbons of progesterone showing the A)
o/B- selHSQMBC-TOCSY and B) a/B- HMBC IPAP spectra after selective inversion of all the protons resonating at
1.7-2.1 ppm. For clarity, cross-peaks in B) appear in magnitude mode and their twisted-phase lineshapes are
clearly distinguished in the corresponding 1D projections.
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Publication 5

The complementarity between HMBC and HMBC-COSY IPAP experiment is also
evaluated. While HMBC IPAP experiment only shows correlations with high "J(CH) values,
three new cross-peaks appeared in the HMBC-COSY IPAP experiment (highlighted with a grey
box) at the C5 carbon frequency, corresponding to very small "J(CH) values (<1.5 Hz) (Fig. 3.06).

4 - | M = ppm
b r
£5 — e 0w | 170 B I —H {
c5
180 1, Il !
o - i—y
180 Il
3 o wa T A} 200
c5 KRR lh T -
- 180 i
180 e m k.
f & R | ke
c3 .- om B) 200
25 2.0 1.5 1.0

Figure 3.06. Expanded areas and 1D traces corresponding to C3 and C5 carbon frequencies showing the A) a/B-
HMBC IPAP and B) a/B- HMBC-COSY IPAP spectra. 1D slices from C5 are shown on the right. Grey boxes stands to
highlight the new COSY cross-peaks.

Another example to demonstrate the excellent complementarity between the HSQMBC-IPAP
and the HSQMBC-COSY-IPAP experiments is given in Fig. 3.07 but this time using a silvered
compound to measure long-range "H-'"’Ag coupling constants.
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I1l.  Results and Discussion
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Figure 3.07. A) HSQMBC IP data, B) HSQMBC-COSY IP data, C) a/B- 1D slices from HSQMBC IPAP, and D) a/B- 1D
slices from HSQMBC-COSY IPAP. At the bottom of the figure it is shown the conventional '"H NMR spectrum. Grey
boxes stands to highlight the new appeared cross-peaks
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PUBLICATION 6

P.E.HSQMBC: Simultaneous measurement of proton-proton and
proton-carbon coupling constants

J. Sauri, P. Nolis, L. Castaiar, A. Virgili, T. Parella. J. Magn. Reson. 2012, 224, 101-106

—| J(C14H22)= 8.8

'J(C14H14)= — “J(H22H14)= -2.8
+129.7
: ‘I\:_;;‘;:-o =
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IIl.  Results and Discussion

1. Introduction

In this publication, a new proton-selective NMR experiment, denoted as Pure Exclusive
or P.E.HSQMBC, is presented to measure simultaneously J(HH), *J(CH) and "J(CH) coupling
constants in a three 'Ha-"Hb-C spin-system. In addition, the experiment is also able to extract
the relative sign of the J(HH) coupling constants.

The pulse scheme is based on the existing P.E.HSQC experiment, but optimized to long-
range proton-carbon correlations instead of one-bond correlations. The experiment uses
selective proton pulses to avoid any unwanted J(HH) modulation during the evolution periods.
It is shown how the concepts of J-resolved spectroscopy as well as the E.COSY principle can be
fully complementary to the IPAP technique. In this way, several coupling constants can be
simultaneous measured from a single 2D cross-peak.

The main goal of the P.E.HSQMBC experiment is to take profit of the large YJC(H) value,
which is used as a passive coupling constant, to generate an additional splitting in the indirect
dimension of a 2D cross-peaks. The E.COSY pattern, which is generated by a 362 'H pulse,
allows extract the magnitude and the relative sign of J(HH). The method also uses the IPAP
technique along the detected dimension to get an accurate measurement of "J(CH), as
described originally in the sel[HSQMBC experiment.
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20 cross-peak The sign and the magnilude ufmm-pfm coupling (onstanis are measured along
the direct dimension from the relative ECOSY-type multiplet pattern displacement due 1o the passive
onie-band coupling constant spliting generated in lhemdlrﬂ:l dimension. On the otber hand, long-range
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”"'1“"“':?: profon-carbaon coupling mnsum:i are independently determéned in the detected dimension from a

:?:?:'F traditional fitting analy Itiplet patierns or, more conwveniently, from the IPAF muliiplet
displacernent abtained from extended HEOMBC ¢xperiments,
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IPAP

1. Introduction simultaneously [65] o analyze the anti-phase nature of each

The determination of hemonuclear and heteronuclear coupling
constants is of prime importance in the structural and conforma-
tional studies of molecules in solution. Not only do [-couplings
contain information about chemical connectivity, they also contain
srructural information as known for the typical Karplus-like
dependence that exhibits % vs dihedral angles, In sddition, it has
well been recognized during the Last wears thar residual dipolar
couplings [ RDCs ). as measured by solution state NME, camy impor-
tant structural information regarding intermickear vector orienta-
tion relative to the principal axis system of the molecule’s
alignment tensor [1].

Homonuclear profon-proton coupling constants, {HH)L can
usually be determined by a variety of simple NME methods, but
the precise measurement of heteronuclear small long-range
{HCHE: 0> 1) has ot been so evident [2,3] HSGC-TOCSY expen-
meents becomes a sensitive and accurate approach wo provide both
the zsign and the magnitude of " CH) for protonated carbons [4-6],
On the pther hand, NMR pulse schemes mainly based on the HMBC
and HSQMBC experiments have been widely acoepted to deter-
mine them on gquaternary carbons [6-8) However, the major
incomvenient of this latter approach is the need For a post-process-
ing fimring procedure by using the shape and intensity of signals

e Corresponding author a: Servel de Ressondnols Magnética Nuchear, Universitag
Aurdnoma de Bareclona, E-08193 Belliens, Barcclena, Spain.

[E-mail adkdvres: feodornparellaaabicat (T, Parellak

1090-T807 1% - see [pont mastier © 3012 Elsevier Inc. All nights reserved,
hitp: [ dolorg 10100 A jmr.20 0 3.0k

multiplet pattern and the accuracy of the measurement is often
questioned. Recently. IPAF versions have been suggested o avoid
this fitting analysis by recording 2 series of refocused HSOMBC
experiments 1o obtain complementary In-Phase (IP) and Anti-
Phase (AP) data that are suitable to provide simplified spin-state
selective multiplets after data addition /subtraotion | 10-13]. In this
way, arcurate and direct measurement of "j{CH) can be made with
simplicity even for complex multiplets, This IPAP approach has
been dlso proposed to measure carban-carbon coupling constants
[14.15]

in addition to the [PAP technique, other different NME ap-
proaches have been propesed 1o extract homa- and leteronuclear
coupling constants from heteronuchear correlations experiments
ag, far instanee, the elegam E.COSY [Exclusive Correlation Spectros-
cop¥) principle | 16). The major advantages to analyze E.COSY-type
muiltiphets ared (1) very easy mlerpretation: (il] are suited aqually
well for the measurement of small and large coupling values, {iid)
it provides information about the sign analyring the relative slope
of cross peaks components, (iv]) works well even for coupling con-
stants smaller than the NMR line width, [v] ] values are measured
frem the direct dimension where good resolition requiremens ane
more easily reached, Several ECOSY-type methods have been
proposed Tor the simultaneous measurement of different scalar
and residual dipelar couplings in small molecules, For instance, a
simple and sensitive PEHSQC experiment, closely related toa fully
coupled non-refocussd HSOC pulse scheme, has been proposed o
derermine the sign and the magnitude of one-bond praton-carban
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[(JICH} and "D{CH]} and two-bond proton-proton (“THH) and
'IHH]) coupling constants from 4 single 20 spectrum [17).
Recently a spin-flip HSOC experiment has also been proposed for
the simultanesous measurement of J HH ) and "} CH) [ 18] Althaugh
this [ater technique is a proton-selective method that only works
for profonated carbons, it has been proved that the addition of
accurate long-range CH ROCs can significantly improve the
structural discrimination power in complex small mobecules with
il ple sterecgenic centers.

In what follows, we show a variant of the mentioned PEHS0C
experiment. referred here a5 PEHSOMBC, for the simulfaneous
and accurate measurement of multiple KHH), "WOH) and "[{CH)
coupling constants. In this long-range "H-""C correlation experi-
ment, the large heteronuchear "JICH) coupling constant is em-
ployed for separating two multipler pacterns along the indirect
Fy dimension while homonuciear HH couplings can be acourately
measured from their relattve ECOSY-type displacements i the de-
tected Fy dimension. The expeniment closely relates to the XLOC
experiment, a long-range oommelation experiment designed to mea-
sure [{HH) in a similar ECOSY way [19-21). Furthermiore, we also
present and discuss several options to extract "J[CH] values at the
same time and it will be shown that both ECOSY and [PAP
principles can be implemented imo the same pulse scheme o
simiulraneous measure different coupling constants from the same
20 multiplet with an extreme simphicity,

2. Results and discussion

Three different MMRE pulse sequences suitalde for an ECOSY
version of the HSQMEC experiment are presented in Fig. 1. They
combine the main features ol three different older methods ina
single experiment: {a) the accurate measurement of "KCH) along
the indirect dimension from Fl-coupled HSQC schemes |22-25]:
(b] the sign-sensitive measurement of "KCH) and *NHH) in ECOSY
miultipdets as reported in the PEHSOC expeniment | 17], and [c] the
precise measwrement of "{CH) wsing the IPAP technology in sel-
HAMBC experiments [11]. For the present work, we have chosen
the general application of selective 180° 'H pulses as a relocusing
element in the INEPT block because this affords pure-phase multi-
plets and complerely avosds any signal modulaton due te {HH).

The simplest pulse sequence is essentially a small-flip-angle
non-reforwssd H50C experiment where a1l CH coupling constants
evolve freely during the entire £, period and the read 'H pulse be-
fore acquisition is set to f=36° to achieve simnplified multipler
structure, As described in the original PEHS0C experiment [17]
instesd of the long phase cycling scherves used in classical exper-
imenis, a simple small-angle pulse is used to generate the E.CO5Y-
like pattern (Fig. 1AL In order to explain how pulie sequences work
and describe the nature of multipless generated in the proposed
PEHSOMBC experiment, we concentrate the description on 4
heteronuckear three-spin system Invelving two active (HI and
€1) and a single passive (H1) spins {Scheme 1), These active spins
hawing a long-range "[H2-C1) coupling determine the position of
the cross-peak multiplet at (S H2 ), 8 C1]) which consists of two dif-
ferent components separated by the large |(H1-C1) splitting along
the F1 dimension. The magnitude and the sign of the fH2-H1)
coupling constant can be easily extracted comparing the relative
displacement and the slope. respectively, between these two
different reows in the detected F2 dimension [Fig. 2A)L On the other
hand, each row component of these ECOSY mulriplets will present
the characteristic antiphage pattesn with respect ta "{H2-C1) and
pure in-phase character with respect all passive }|HH} couplings.
The magnitude of "NH2-C1] must be extracted using well-
established firting algorithms that will not be discussed in detail
here [6-9]
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A madified PEHS)MBC version in where a BIRD' cluster is
incorporated into the carbon evolution period 1o suppress un-
wianted “NCH) contributions in the indirect dimension is shown
in Fig. 1B This option also offers the possibility o scale the
'ICH) splitting by a scaling factor k that strongly minimizes the
resolutson reqgidirements and the nurmber ol 1 increments o be ac-
quired. This approach becomes particularly useful to obtain well
defined multiplets in the indirect dimension thar lead 1o precise
measurement of scalar "WCH) andfor dipolar "D{CH) values for
weakly aligned samples, In analegy to the above description, this
version alsa provides two separate cross peaks separated by
ko« 'NCH) in the F1 dimension whereas "[CH) present the same
A" features described above [Fig 281

Finally, a refocused P.LEHSQMBC version has been developed to
facilitate the measurement of “JICH) wiing the IPAP techmique
[Feg. 1CL Filtering the downfiekd and upfield doublet components
into separate spectra is 4 successful concept to avaid the tedious
analysis of anti-phase multiplets, This version can be understood
asa Fl-coupled analog of the recently proposed selHSOMBC exper-
iment and although it suffers of a worse sensitivity due w the
additional refocusing period, the magnitude of "ICH) can be ex-
racted mare accurately by the analysis of relative displacement
ol affi cross-peaks in the detected dimension (see Fig, 2C). This
more user-friendly method combines the principles of ECOSY
and IPAP methodologies inbo a singhe NMB experiment whereas
retaing all the benefits described for the orgingl selHSQMBC
experiment [11]

Several details abowt sensitivity, multiplet patterns and relative
pulse phases must be highlighted in order to explain the observed
experimental data. Very impartantly, two different mechanisms
are present in the basic pulse scheme of Fig. 1A, Firss. the tradi-
tional pathway generated from the iniial "H Boltzmani magneti-
zation through the indtial proton-selective INEPT transfer leads o
pwo observable terms at the end af the £y period:

]Hhcu |in|_mm,,|_-||'t:| a1 ﬂhu.ﬂ_h | l.‘HI:ﬂ;[m ,,“h:I | I‘_I

2H1.(‘|_r iiﬁll'l::m_;l.'t] !‘I.'Il:]ﬂ.u.ﬁnl Si.l'Hﬂ“-l c;fﬂ [ 1:1]

Thus, two different cross-peaks at 5C1] appear showing pure
anti-phase character with respect to {HZ=C1) in the FZ dimension:
(i) a long-range H2-C | cormelation showing in-phase "N CH) pattern
and (i) a direct H1-C1 cross-peak showing anti-phase JCH) pat-
tern in the F1 dimension The number of lines in the indirect
dimension will depend on carbon multiplicity: CH appears as dou-
blets, CHy as triplets and CHy a3 quartets with theeir intensities as
described previously whereas quaternary carbons will not show
splitting.

On the other hand, the original magnetization belonging to ''C
Boltzmann distribution also contributes to the final spectrum inde-
pendently of the A delay amd the selective proton pulse, in the
Form of the Tallowang term:

2H1,E|_r ﬂﬁl:ﬂm_{lhl (2}

This pathway provides all direct correlations showing anti-
phase pattern with respect to J[CH) in both dimensions indepen-
dently of the selective nature of the INEFT block and therefore,
the measurement of the sign and the magnitude of all "{CH) and
IHH ) couplings can be performed as exactly described for the reg-
ular PEHSQC experiment [17).

These pwo different pathways can be separately obtained by a
proper phase cycling of the 507 progon pulse |abeled with ¢, phase.
Thus, the separate sequisition of two complementary data ac-
guired with the pulse scheme of Fig 1A and with é;=y and
gy = =y alford the same spectrum but with inverted phase for com-
ponents coming from INEPT transfier (Fig. 34 and B, respectivelyl,
Conventional data addition/subtraction affords  independent
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&y = ¥ ¥, ~¥,~F lor edioing of PEHSOC snd PEHSOMBC data. Gradienis G1 and GF are sed for ooherenoe seleciion using echo-amtiecho profocol, G3 and G5 are used for

proper refocusing and G4 for m-aelection,

WH2-HI)

PEHSOC (Fig 3C) and P.EHSOMBC (Fig. 30) specira. Otherwise,
the cormesponding PLEHSOMBC spectra could also be obtained di-
“JH2-C1) H, rectly by performing the subtraction during acquisition by apply-
1T ing a four-step phase cycling with ¢y = vy—¥. =¥ In this case, a
W[ " graddient element just before the initial 907 'H pulse helps
to effickently remove unwanted "'C Balzmann contribition,
PEHSQC data are analyzed exactly as descibed in the original
s - R ved experiment and no more detalls will be given here. On the other
rbnp s af |mf£HhHTJL¢q?!!|Tm Blue .IHW m:;: hand, Fig. 4 shows an expangion of the column carmesponding fo
mmmnwmuﬁmhmummmmmm the Hi5b proton in the PEHSOMBC spectrum. The direct comela-
ECOSY mwltipler sructee b caused By the Large splitting of 'AHICH) due to de tion, that is visible because the selective pulse also excites the

spin passive M1 along the Indirect dimension. Fig. 2 summuries the multiples — coropive Jines, shows pure in-phase character in the indirect F1
MﬁMﬁmm‘ Im—: fpae H::; dirmension. It is clearly shown that is possibde to dilferentizee the

reatirs i1 rrferie 4n the wieh version o this st ) corresponding active JTH15b-C15) and the passive JIH15a-C15)

137



104 } Sasrd ey al  Jessrnal of Mlagnetic Ressnance 224 (2] 101~ 106

(A) JHZHT) 8) [ xHzhHn
= - ' ':II
T B X
= L (1 =
r.__q:- i ¢ HC1) % &GN
= = & | ﬁ
JIH2-C1) JIHi:Cﬂ
B{H2) 5(H2)
(C) JH2H1) S
= - - ‘@
I I
5 BC1) = 5(C1
% 1;__’_3' Ilt I
-k a8 x (]
JIHEC)
JiHZH1) | *
= .::I e .
.
. HHZ-C1)
L5 |'5“1“ HC1)
] |
* L B ®
JHECA
&{H2) E[H2)

Fig. 2. (A-C] Schewmatics pepeesenting thie expectid mulspier pastenms obtassd Inom sequenoes of Fg 1A B and C respectivily, Filled and opes cacled megeeien! miltiple
componerds wiih opposite phaae. In all cases, KHH] is luuumdﬁ'mn|IrEtﬁ$TthﬂTLﬂI1hﬂhﬂund.'ﬂﬂﬂmﬂknhaﬂﬂhmlﬁm&md are | -jphase
il paEtEima in (e saime fow [in A dsd B o feom ihe selative diapl e i £ 1Bl & B PARALE] (7 WD SERATINE SPin-ALENe elevtid dpeira
{see )

l'_l..ll.l..u_
i

s

(4] =y

....

rean

e
S—

|

L
(D} PEHSGMBE | .

o8 B a3 F 1 s

o e .=

A

4
B Sy

T T T
T a L] i b | ] 1

IEEEEEREEEE TR

Fig. L General scheme o obtain separate PEHSOC and PEHSMBC specira afver selecrive refocusing of M50 proton [resosating #i 235 ppm ) of srychnine using ihe scheme
of Fig. 18, Twn different dats are indepeadently scquined only chunging the phuse of the 07 proton pulr just applied afer che 1y period (A) using &y =y and (1] &y = -y
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sprvtra aov ohiained 1= deteemine 'UEHL K HH) and “FOH) The sealing lactor was wet o k = 3 and the reperiment optisiond 1o 8 i

138



I Saurd et ol { Jourmal of Magnetic Brzonanoe 204 (2012) 101-106 108

L]
.m.n
i HEAMSREANE
& i ] HCISHISE 312
" Ly T— i ey k-]
&1 i [ HCN A
I B Sale YA
201 M e "
KM SH T} WLT
o ST i v 2
or Saf
LI S
T S
N — ['mewgpmasa | po
| &
_'.mlﬂll—-_
T8 23 T4 3 12 PR

Fig. & Expanded megion of ihe PEWSQMBC specirum showing ihe column
ooiteipondisng (o the HI1Sh peecon (aee Fag 300 Mote har lom the disoc
oomebstion. the relwtive sign between AN and '0H) can be obsained. From
ke ather crosa-praks the sign and magnitude of YWHH] can br exiraceed, The
anadysis of an specific row for the direct deserminacion of *FCH] is eot advisable dor
o g overesismaiion and a comvertional fiising procedune is requined.

in diastersotopic CHy spin systems as well as vo the sign and mag-
nitude of the geminal and passive H15b-H15a) coupling value,
Additienal H15b cross-peaks are also observed For the methines
C14. €13 and €16 carbons and for the quaternary €7 carbon. The
well-resolved doublets in FI for each CH cross-peak evidences
the relative displacement berween them along the F2 dimension,
allowing the measurement of both magnitude and sign ol the
corresponding §HH) as a function of the observed signal ilting.
On the other hand, each individual row displays a pure anti-phase
pattern with respect to the active "CH) that can be analyzed
accordingly. The anti-phase nature structure of cross-peaks can

cause partial intensity losses when the active scalar coupling is
‘within the line width.

[For this reason, a refocused version that uses the IPAF principhe
is propased (Fig. 1C) for a much better and more user-friendly
mueasurement on “JCH). Fig. 5 llustrates the experimental prodoco]
1o Soduire, (o process and o analyze these P.EHSOMBC data taking
the H15b-C16 cross-peak as an example. Two complementary [P
and AP data are separately acquired a5 shown in Fig 54 and B,
respectively. Although § HH] could already be measured in any of
these spectra from the ECOSY pattern, the extraction of “J[CH)
would usually require an individual fitting analysis for each
crosg-peak, Sum and difference data (Fiz. 5C and D) contain only
the upfield and dewnfield components of the aouive doublet which
makes it possible the straightforward measurement of "CH) by
anabyzing the relative displacement between them However, in
anabogy to the regular selHSQMBC experiment the sign informa-
thon of "JICH] i net available from this analysis. In our hamds,
the wse of a scaling factor of k = 3 is a good compromise to clearly
resalve ICH) multiplet components in the indirect dimension
using 256 ry increments. On the other hand, the non-equivalence
between IP and AP data can afford undesired J-cross talk contribu-
thons that can introdsce some emor i the measurement. The use of
an individualized scaling &' factor in the form of AP 2 I « I can be
wsed to correct them. The tolerance on these cross-talk effects has
already been discussed presiowshy | 10111

A limitation of the proposed experiments is its "H-selective nat-
ure and therefore multiple experiments shoubd be needed fora glo-
bal determination of coupling values in o molecule. However, the
extraction of "JJCH) from multiple protons can be simultaneously
ohtained by applying the principles of multiple-site or band-selec-
tive excitation, Fig. 6 shows an example after selective refoosing
of several protons that are not mutually coupled and acquired un-
dier the same experimental conditions as describexd in Fig. 3.

I summary, it has been shown that the cancepts of J-resalved,
E.CO5Y and IPAP principles can be mixed all together into the same
pulse scheme in order to measure multiple coupling constants
from a single 20 cross-peak analysis. We have developed a method
that leads to the accurate measurement of both JIHH) and “J[CH)
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Fig. 5 Expansded areas comesponding b the HESb-C1G cross peak in che IPAP-selS{0EC- ECOEY experiment acquired with ihe same experimental comditions a5 d ispussed
in Fi. 3 and using pulse scheme of Fig. 1C. Twedilerent data are soquined snisg the IPAP principle: (A] [P with the phase ul',l"pdum Il:lrald qniﬂ'mhe wlmh-h-lrd
with & [ea]; [B) AP withs the phase of J pulse 561 bo x and cmirting (he pulies e [oflL Time-domain dira sa%eios i d by

complementary [C] 2 d.u:l.ljl:lilllulm ECOSY specira from which the “KCH) value can be direatly extracied in 4 simple way by anabyzing the relatre h.'l.m:h

divplacement of dignals in tBe F2 dimesdion,
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Fig. & Example showing the advantage to s multiple-site selective excitabion in
e PE HSOQMEC experiment usig shiltod laminas pulses of nos-mutaally coupled
protons. Dufferent protons (H4 (8,15 ppm), H22 (5.5 ppm) and HE 13I8 14 (all
thare resonaling near to 105 ppm] ) were timultaneously refocued using 4 40 ma
Caussian-chaped 180° progon palse. The 20 SpeCTIum CTespomds o che In-Phase
(WP dasta amed the inuet shows (Be weparate afp data oormesponding to the H11a-C02
cPend peak.

from the high resolution obtained in the detected dimension
whereas "JCH) is precisely resolved in the indirect dimension.
The proper combination of multiple profon excitation and non-
uniform sampling can allow a faster measurement of all these cou-
plings in small and mediom size molecules, Alternatively. the
experiment could be also implemented in a broadband made,
using Tor instance a CPMG-BIRD element instead of the selective
IMEPT bock |26-28] However, complete supprestion of proton-
protom coupling evolution and undesired sample heating remains
o be solved, Much work is in progress (o extrapalate all these oon-
cepts to the simultaneous measurement of the sign and magnitude
of different types of heteronuclear coupling constants,

E Methods and materials

All MMR experiments have been recorded on a BRUKER DRX-
500 spectrometer equiped with a 3-channel 5-mm
incarporating a Z-gradient coil on a sample of 25 mg of strychnine,
1. dissolved in 06 mi of COCH. All experimenis were optimized o
& Hz, that means that "{CH) evolves during a period af A + piga =1/
(2 # "lew); where pisg is a sebective 1807 "H pulse. A Gaussian-
shaped 180° pulse of duration of 20 ms () was used a5 a selec-
tive refocusing The recycle and the interpulse BIRD™ (A4° =1/
(2 » "NCH]) delays were set to 1 5 and 3,6 ms, respectively, An scal-
ing factor k = 3 were used. Sine bell shaped gradients of 1 ms dura-
tion (4) were used, fdlowed by a recovery delay of 100 ps. Gradient
ratios for GU:G2:C1:GA-G5:G6 were 80:2001:33:50:11:17, mea-
sured as percentage of the absolute gradient strength of 5.35 Glom.

All experiments were acquired and processed wsing the echo/
anti-echo . Quadrature detection is achieved inverting
the Gland G2 gradient pulses for every second FID. Four seans
were accumulated for each one of the 256 ¢ increments and the
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number of data points in f; was set to 4096, Spectral windows in
both dimensions were 22500 [F1) and 4500 (F2) Hz, respectively,
Prior toe Fourier-transformation of each data, zero filling to 1024
i F1, 8192 paints in F2 and a sine squared function in both dirmen-
sions were applied.

20 "H-""C 1" anel AP-HSQMBC experiments of Fig. 5 were sepa-
rately recorded using the same experimental conditions described
in Fig. 4, The overall acquisition time for each individual IP and AP
dara was about 26 min which were sdded subtracted {n the time-
domain without any scaling factor to provide spin-state selective
data Fimally, the same conditions were applied for the specira
shavam in Fig. & except for the selective refocusing. A 40 ms multi-
ple-site pulse applied 1o three different frequencies was automat-
cally generated using the shape tool package included into Tospin
software [see captions for more details),
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IIl.  Results and Discussion

1. Introduction

After the successful implementation of P.E.HSQMBC experiment, we thought that the
same idea could be implemented using "J(CH) instead “J(CH) as a passive spin. To achieve this,
a selective 1802 'H pulse has to be inserted during the evolution of the transverse C
magnetization. The idea is to select a different proton (H2) from which is initially selected
during the INEPT transfer period (H1). In this way, cross peak will appear as a doublet in the
indirect dimension due to the passive "J(C-H2) coupling. In addition, by using a selective 902 *H
pulse over the passive H2 instead of a 902 pulse in the last INEPT, an E.COSY pattern cross-peak
is obtained allowing us to measure the magnitude and the relative sign of the resolved J(H1H2)
coupling constant.

It is shown show how three different editing methodologies can be combined in a single
NMR experiment: the IPAP principle, J-resolved spectroscopy and the E.COSY pattern. This can
be understood as a successful combination of two different concepts, one coming from the
sel[HSQMBC IPAP experiment, and the other one from the EXSIDE experiment. EXSIDE and
sel[HSQMBC experiments are based on a very similar concept but in the first one the active
"J(CH) is measured along the indirect dimension as a doublet, while in the second one is
measured along the direct dimension using IPAP. We denoted such experiment as J-
sel[HSQMBC IPAP.
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Simultaneous measurement of J(HH) and two
different "J(CH) coupling constants from a
single multiply edited 2D cross-peak

Josep Sauri and Teodor Parella*

Three different J-editing methods [IPAP, E.COSY and J-resolved) are implemented in a single NMA experiment to provide spin-
state-edited 20D cross-peaks from which a simultaneous measurement of different homonuclear and heteronuclear coupling
constants can be perfformed. A new J-selHSOMBC-IPAP experiment Is proposed for the independent measurement of two
different “JICH] coupling constants along the F2 and F1 dimensions of the same 2D cross-peak. In addition, the E.COSY
pattern provides additional infermation about the magnitude and relative sign between J(HH] and "J{CH] coupling constants.

Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Homonuclear and heteronuclear coupling constants provide a
wealth of siructural and conformational information on maole-
cules in solution'"! In pariculsr, during the Last decades, many
ressearch groups have contributed to the development of NMR
methods capable for the measurement of long-range proton-
catbon coupling constants ("KCHE 02 1) in small molecules at
ratural abundanee ! Hewever, these determinations have posed
a challenge in terms of data analysis and interpeetation,
which has often hindered a quick and sccurate measurement ol
"JCH] with simplicity,

Many years ago, the concept of Jresolved speciroscopy
was introduced to separate the mformation of chemical shifts
and  lmudtiplet  streciure in different  dimensions of a
rrvultidimensional MMR spearum. This was successfully appleed in
the ponesng ' C-detected spinflip expeiment, whene "JICH)
wsues wene clearly determaned from clean doublets that anginated
in the indirect F1 dimension of & heteronuclear 20 selective
Jresobved experiment.” Recently, this selective heteronuchear
echo has been introduced into the HS0C pulse train to measure
the sign and the magnitude of scalar and residual dipolar HH and
long-range CH coupling constants in weakly aligned media.*!
Several Fresolved versions of the 20 HMBC and heteronucheas
single-guantum multiple-band cannectivity (HSOMBC] expen-
ments have alio been proposted to measure “NCH) from the
splitting that originated in the F1 dirmension™ the papilar
excitation sculptured indirect detection experiment (EX500E]
expeniment being one of the most accepted methods.™ Spen-
state splective methods based on the ECOSY and in-phase/
anti-phase (IPAF] principles are also iImportant NMA approaches
applied in the determination of heteronuclear couplings from
simplified multiplet structures. ECOSY uses the editing features
of a paishee spin to speead out the | infarmation into the F1
dimendion, sllowing the mesturement of amall magnitudes a3
wrll as of the sign of different coupling values from the same
maultiplet™ On the other hand, the IPAP methodology ks an

elegant solution 1o clearly distinguish the =/if components of a
multiplet In sepasate !.pE{ua." Recently, it has been demon-
swrated that the PAP mplementation into selective H3QMBC
[selHSOMBE) experiments facllates a rapid and very simple
determination af "HCH) vabuees from high-guality spectra, with-
out interference of homenuclear couplings.™ A suite of related
selHSOMBC-IPAP caperiments have been designed by us to
expand the powerful and applications of sudh promising meth-
cdologies aven for comples, broad and low-resolved peoton
multiplens."™" " Thus, selHSOMBC-PAP and EXSIDE experiments
are analog ool because they can messure the same "J[CH]
parameter along the F2 and F1 dimensions, respectively. With
this i mind, wie propase & new FERSOMBL-IPAP @apefiment
[Fig. 1) that includes the main featwres offered in both
$elHEOMEC-IPAP and EXSIDE experiments into the same mult-
plet pattern (Fig. 2). it will be demonstrated that the conceried
implementation of IPAP, EXO5Y and Jresolved concepts into
the same sxperirment allows the smultaneous measurement of
several HH and CH coupling constants from simplified mubaply
adited 20 cross-peaks

Results and Discussion

We show here that the incorporation of the selective Jresolved
concept o the selHSOMBCAPAP experiment, where "NCH,)
from & sedected Hy proton S measured slong the F2 dimension,
allaws the independent and semultaneous measurement of an
additional "JICHy) coupling value from a different Hy proton

* Correrpondence foc Teodor Pareiln, Servel de Ressondnoa Mognético Muceor,
Liveriinn Autsnoma oe Sarcplena, F08160, Belanvra, Barelona, Spavs
E-mad geodar paneieuab et

Servnl o iniaaadacks Magrdica Nuckear, Uinharrial Aot de Bavoelang,
OR1ET Balaneing, Cofdlviks, S

Maogn. Reson. Cham. 20%3, 51, 357403

Copyright © 2013 John 'Wiley & Soex, Lid
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along the orthogonal F1 dimension. Expenmental details such as
"IC frequency labeling, coherence selection using pulied-Reld
gradients [PFGa), Interpulie delays optimization, further PAP
combination 1o obiain weparate off data of the altermative use
af multiple-site or region  selective excitalion are exactly
performed as in the oniginal selHSOMBC experiment, and not
many addetional comments will be inchaded, The pulse sequence
sars with a selective INEPT transler whene the central 1BD*
'H puilse s apphed selectively 10 a chasen H proson resonance. '
In this way. any undesined NHH) evalution |5 avolded, and only
"JICH) mvalution takes place in the form of sin(s"NCHJA'. As
an essential feature, a "J{CH)-scaling element imarked with a
bt in Fig. 1) is applied on a different selected Hy proton during
the evolution of the tansverse ''C magnatization."! Thus,
whereas '*C chemical shift is codified in the wsual way during
the subsequent t, period, signal is also modutated by a oos
(n"HEHgikt,) factor that will cause an 1P splitting because of
K INCHg) in the F1 dimenséon. The last step is a rewerse INEPT
applied under the same conditions as the indtal step but
employing selective 50° and 1807 pubes on H, proton o
previde characteristic ECOSY-lke transfer™

"MCHL)

"HCHy)

Hg

TP il ] e P

oS P O O

# [

e b | Jeuafena ey |
1

q i i -

Flguee 1. Schematic magretizmon transler Wmmm
for the 20 FseBHSOMECIPAP expeiment. 'H-selective 50 and 180¢
peubiet whste applked on different Hy, of Hy protons 3t indicated. Aoguseed
inphase (1P ey, ¢=on] and anthphase (AP Wewx, ce=off) daa an
combined (AP + IF] 1o peovide 2/ff specira. Interpulse delays ane et to
A = 24+ pUBOsel) = 142"RCH, ]S The "NCHg-caling Factor |i.||1ng the
ty period i given by k. More detalls in the esperimenital section

- - 5
..o e oL ey
IP£AP *
B) *D} lm-u-u
L& »
P acawy [ e HA3E]
O
e e

Figure 3. Schematic ilusiration on the multiplet patierns obiained in
JeiHSOMEC expesiments. (A) IP and (8] AP data are acguired and
combined 1o provide separate [C] 5 and (D) fedited JaelHSOMBC
spectra from which the measurement of “NCH.) can be acouradely
made along the detected dimension, wheneas “NCHG) and J[HiHgl
are extracted from the ECOSY pattern,

Thie BPAP princighe refies on the acquisition of two complermen-
tary in-phase (IF) and anti-phase (AP} data (Fig. 3). The acquined
20 cross-peak would show pure 1P propenties along the direct
F2 dimension with respect 1o all KHH] and 1P (Fig. 3A) or AP
{Fig. 38) pattems with respect 1o the active "HCH,) as a function
of the two "C pulses marked with « in the last INEPT period, Sub-
sequent time-domain data combination (AP +IP) affeeds two
separate o subspectra (Figs. 3C and 30) from which "JICH.)
an be easily extracted by analyzing the refative lefifright
displacements along the F2 dimension whese resolutien Is not
critical, In addition, each comelation can also show an additicnal
doublet with an apparent k**JCHg! splitting in the F1 dimeniion,
Thus, two independent “JICH,) and “JICHy) cowpling conssants
on the same carbon can be independently measured from
the anatyiis of a single 20 erost-peak. Mareower, additional infor-
mation about JHHg) and the relative sign between JH,Hg) and
"HCHgl can also be extracted from the ECOSY pattern generated
by the passive Hy proton.

Figure 4 shows the sxpenmental 1P, AP and =/ FelHSOMBC
specira after selective refocwsing af the H,y, proton of strypchine,
1. in both defocusing/relocusing perdods and invening its gemi-
nal Hyy, proton during the independent k*, period. Fg 44
shows pure [P multiplets with respect 1o both ¥HH and "JICHI,
whereas Fig. 48 shows muliplets with complex phase because
of the AP nature with respect to "NCH, ) In the F2 dimension.
The measuement of diferent "KCHye) values along the F2
dimension 5 easily perfosmmed by analyzing the  relative

selHSOMBC-IPAF + EXSIDE — T2l HSOMBC-1PAP
JiHB-HA | e T
HE-EHAY
— wi* o
E La19CT e e ST Pl o LHIBCH
e ae o«

Figumre 2. Multiplet patterms obtsined in [A) weHSOMBC-IPAP, [B) EXSIDE and (0] JaelHSOMBC-IPAP expedments. Blsck and grey conbours in IPAP

experments Mands lot separste o and T ulspectra

wileyanlinelibrary comjournalimrc Copyright © 2003 John Wiley & Sons, Lid, Magn, Resan. Cherr 2003, 51, 3197402
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Figure 4. Expanded cobimn comesponting 10 the J0 Je-E0MEC IPAP
spectra afier selection of M., proton and using the geminal H,y, proton
a5 a pasadve spen. (A 1P and (B) AP data, which were co-addedsubtractied
in the time domain and further processed wing conventional parsmaeten
to yeeld spin-stabe selected (C) 2 and (D} ¥ spectra. The armown indicate the
relative sign of the patsive “HCMiy coupling taking the negative
geminal JiH, .M, 1) coupling as reference.
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frequency duplacement between =/ cross-peaks in Figs 4C and
40, respectively. It is worth mentioning that 247 spectra yield
mare simplified multiplet structwies with characteristic posithvel
negatiee ECOSY tilts that facilitare the direct measurement of
the magnitude and the relative sign of the involved "KC,H;w
and * NHjy s Hyged couplings.

The impeowed editing and the additional information obiained
with the exended JelHI3OMBC-PAP versus the original
selHSOMBC-IPAP experiment when a third Hy spin comes in ane
illusarated In Fig. 5. The advantages of the PAP prnciple are fully
retained in both experiments, and "NCH, o) values In the range of
3-8 Hz can directly be measured with mimor cross-tall effects
from the high-resclved F2 dimension in 8-Hz optimized expesi-
ments (see fig. B in ref, 9. IPAP measuements along the F2
dimension do not requine a great number of § increments, and
selHSOMBC data of Fig. 54 have besn obtained In a relatively
short acquisition time wsing only &4 1, increments. In contrast,
an increased number of t, increments are wsually required Tor
the measurement of small "JICH) coupling values along the F1
dimension in the FselHSOMBC experiment (Fig. 58}, lengthening
experiment time, The excellent dispersion originated by the Large
I UM oM yed = —14.5Hz coupling allows additional measuements
of small "MCH.) splittings in the range of 1-4 Hz using a
sealing factor of ko= 50 and 256 t, increments. Note that these
small couplings, ranging from 1.5 to 3.9 Hz obtained, are diffi-
cult to be mesured from traditional HMBOHSOMELD experi-
ments, mainly because signal intensities depend on the sine
function. Ad an important featwre of the FelHSOMBC experi-
ment, not only the magnitude but also the sign can be obtained
with optimum sensitivity.

The excellem multipler dispersion achieved by the doubls F
editing along the "H dimension is evidenced analyzing 10 traces
[Fig. 6. For instance, the cormplex pure I muftipbet obtalned from
thee criginal sefHSOMEC experiment (Fig. 68) for both resolved
H15a) and non-resolved (H16] 'H multiplets can be efficently
speread out to four well-defined components (Figs. 6C-6F) from
which "MCH) and MHH] values can be accurately measured along

e

T
1 B

5i-15HE
e

Figare 3. Comparison between B-Hr optimised (A) 2D selHS0MBC verin (B) 20 J-aelHSOMBC experiments afler selective relocusing of i, proton
Thee diffener o/ spectra are vemically shifted 10 visualize the relative shift slang the horzontsl dimension. "JCH ) coupling values between 3 and
B Hz sre ey messured with excellent stturacy slong the FI dimension. bn paned [B1 the gaminal Hy g, proton was seliecied s o pshee spin. The Linge
HHH) eauses very good disperiion of the ECOSY patiern 1had allows the measwement of srmall "N H, ) valoes aleng the FI dimension

Mogn, Redon, Chern, D0V3L 51, 397403
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ements: ([} the uwse of individualized scaling factors (AP +
k*1P] and (i) a data validation process from the individwal analy-
sis of the soquired IP and AP data and funther comparison with
the IPAP results, To demonstrate the soowrascy of our messune-
ments, Table 1 compares the values extracted from the IPAP,
Jresolved and ECOSY patterns in Figs 4-7 with those mea-
sured from the selHSOMBC-IFAP and selHSOMBC-TOCSY-APAP
experiments previously published by our group, and also with
other experimental data ™Y i is shown that the IPAP technigue
provdcles values af the same osder as those pubished by all thews
other methods, Moreover, the Laingest uncertaintses come from
the Jresabed technique because of the lower reschation achieved
in the indirect dimsension, as recognized for the EXSIDE and HHMBC

In summary, a neww NMA experiment that incorporates all the
features and advantages described for the popular selHSOMBC

bagratic

Resonance |

c e
H16-C14
Wllﬂﬂ-ﬂﬁ}
iﬁﬂ'ﬂmﬁ]

By

Hisa HBB
expariments.
N o
Tams a0 23 gem | 4k 4@ e

Figure 6. (A} Comeritional "H, (8] IP from the selHSOMEC and (C-F) the
lowr edied J-aslHSOMBE multiplets extracted froen HIS-C7 and M16-C14

corrrlations.

the detected dimension. On the other hand, Fig. ¥ shows some
10 FselHSOMBC-PAP cross-peaks comesponding o the three-
bond H16-C14 corelation after selection of several passive H,
pretans, It B & good exarmple showing i socunste measure-
ments of NHH] and "}CH) can be pedformed even from paarly
resoleed "H multiplets. Whereas IPAP works fine in all cases to
determing  'NiC, Mo wB4Hz, the officient measwrement of
additional KT, H,) values along the F1 dimension in the range of
2-10 Hz is also pedormed using a moderate number of t) incre-
ments (256 in this case} even in cases with small HH dispersion. In
addition, the ECOAY pattemn allsws the messurement of JIHH]
values even wmaller than the line width and the determination af
the relative sign between "NC M0 and JiH,0H,) when comgaring
relativie positive/niegative dlopes within the tameé columin,

For small modecules, the diffevential relaxation between IP and
AP data can be corsidered minimum, and the major cross-talk
contiibution B mainly due to the mismatch between the
optimized A" delay and the expenmental "HCH) valuss, A deailed
dispussion and a theoretical prediction on the pefcentage
ol cross-talk have been already described in the original
selHSOMAC-IPAP  experiment™  Ahernatively, two  different
options. wene  proposed to centify  the acousacy in such

H'!ﬂ

L AL
T < o

HHeC14) |

L e L=
am "
H22 20a
JiH1G-Hx) <02 03
JHx-C14) 9.8 6.4

and EXSIDE experiments has been proposed 1o obtain multiple
and  accurate information about small homonuclear  and
heteronuclear coupling constants. Two different "JICH) walues
are detesmined from the independent IPAP and J-splitting analy-
sis along the direct and indirect dimensions, respectively, without
any additional post-processing step. In addition, the simple
doublet splitting and the features assoclated to the ECCSY
pattern facilitate the analysis and expand the possibility o obtain
additional infarmation about the magnitude and relative signi of
JHH) and "JCH). The mast demanding experimental requine-
ment it the high resolution needed along the Fi dimension,
bt this could be partially relieved and improved by the use of
several technigues such as spectral folding and carbon-selective
exritation ™ os the use of non-linear sampling in the indirect
demension a5 demonstrated for the fast and precise measurement
of "JICH) in weakly abigned samples"™ The muliiple lediting
pinciple desoribed here could be abio applied in an equivalent
20 FedHSOMBC-TOCSY experiment where a homonudlear "H-"H
TOCSY tranafer b appended just prics 10 acquisition. Thus, an
impomant amount of additicnad and highly valuable infarmation
about the magnitede and the sign of new NHHI and "KCH)
coupling constants should be avadable, mantaining all the advan-
ages of the recently proposed selHSOMBC-TOCSY sxperiment.™
TOCSY transfer retains spin-state sedection properties. and there-
fore, the magnitude and the sgn of JIHH] can be obtained from
the relstive positivenegative tilt of relayed ECOSY cross-peaks with
respect io the initial target, It is expected that the method can find

3HH16-C14)
5.4 Hz

Figume 7. Several 20 H16-C14 cross-peaks extracted from JelHSOMBC-8PAP spectra after sefection of different patsive H, protons, Sepacate 3 and

fF-maultiplets are represented ad overlsyed contour platy.
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Simultaneous measurement of JIHH) and two different n(CH)

Table 1. Vahues of seversl proton-proton and proton-carbon coupling constants {in b in strychnine measured ming different NAH methods
FHSOMBL  selHSOQMEC selHSOMBC.TOCSY  HSOQCTOCSY HMEL WlEXSIDE  ACCA
IPaR IPAP (AP Anahysh) Rzl
This wok Ret 9 el 10 Rel 17 BefsiB19 Rel 30 fed 30 el 22 et 23
TRCIIH5 T (PAR) 7B +81 — — 79 A0 B0
RO SR 7.5 (AP 74 =74 - - 73 1273 13
I NC16H15a) 48 (AR 47 —4h —Ah = _ 45043 40
"RCias s +3.6 {hres) 15 =16 - - ks 135 an
RIS +1.0 L-res) 12 #1.2 - - - -- -
T 16150} —1.7 Lhre) 31 ] -18 - - 17130 14
“MH15aH15k) 145 (ELO5Y) 144
g P &4 (PAP) 64 +67 +6d #6369 & = =5
MY 8 (Fres) &R A5 +66 189 B9 TRSRE LY
"ML 14MI0G) & L) 5.4 #50 +54 +53 55 54553 51
TNCIAMISE 2T (PAP) -2 Ulees) 17 10 ar LR 13 1A 8 a6
1441 5h) A0 -res) 4l 40 13 83523 i L3R4 28
THC14H13) 53 Lhres) 51 -5) ~54  —AR-45 47 4547 45
"MH16H 15k 1.8 (-res) (F-FIr B
"MH16H1 53] 3.3 (ECO5Y) 38

particular interest in the determination of refative conformation/
configquration properies of specific sites where a complete set of
Iocal scalar andior residual dipolas HH and CH coupling constants
can be necessary,

Methods and Materials

All MM experiments have been recorded on a BRUKER DRX-500
spectrometer equiped with a three-channel 5-mm cryoprobe
Incorparating 4 z-gradient coil on a sample of X mg of stych-
ninge dissodeed in 06 ml of COCl,. Phases are indicated above
the pulses [where no phase |5 given, the pulse B applied

ul, The basic oycle phase was @y xag @ wem I0
'"H-"C in-phase (IP: W=y, c=on) and anti-phase (AP Y=y, c=
off) JaelHSOMBC data were recorded sepasately and combined
in the time domain (AP + IP] to paovide o) spectra. The recycle
and the interpulie  delsys were st to 14 and 60 ms (optimized
to & Hr 24+ Py = 12 o, whene pug is 2 selective 1800 'H
pulsel. For selective excitation/refocusing, gaussian-shaped S0°
and 1807 pulses of 10- and 20-rms duration (Pl was applied,
respectively. Sine bell-shaped gradients of 1-ms duration | were
used, followed by a recovery delay of 100 ps. Gradient ratios for
GIGIGIGAGSGE were BO201A7S011-33,  messured a3
percentage of the absolute gradient sirength of 535 Giem. All
expefirnents wisne acquired and proceited using the echolanti-
eche protoecol. Brosdband adiabatic pulses were uwied for all
inversion and refocusing 180¢ "C pulses. For the selHSOMEC
specirum of Fig. 5A, two scans were accumulated for each one
of the &4 t, ncrements. For the JselHSOMBC spectra of Figs 4
and 6, four scans were acoumiudated for each one of the 256 1,
incremments using a scaling factor of k=50, n all experiments,
the number of data paints in 1 was set to 4096, the spectral
windews in both dimensicns wene 20000 (F1) and 2000 (F2) Hz,
respectively, and the digital resolutions. were set 10 049 and
782 Hr, mespectively. The owerall acguisition time for each IP
and AP JsefHSOMEBC data was about 22 min, which were
adbded subiracted in the time domaln to provide spin-siate selec-
thne =i spexcira. Prior to Fowrser-ransfosrmation of each data, zero

Mogn Rewon, Chem, 3013, 31, 157-403

Copyright © 2013 John Wiley & Sons, Lid,

fillinag 1o 1024 i F1, B192 poinis in F2 and a sine squared funciion
in both dimensions weds applied, The accwscy of coupling
constant magnitudes i limited by the final digital resobution
achleved after processing. in the present case, the magnitudes
measured from PAPF and ECOSY meoasurements along the
detected F2 dimension are estimated to be ca. =025 He. On
the other hand, Jresolved measurements made along the
indirect F1 dimension are estimated to be =039 He, which &
calculated from the 19.64-He resolution after rero filling and
considering the scaling amplification facor,
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I1l.  Results and Discussion

2. Extension of the results

The experiment has been also tested in the peptide Cyclosporin A (Fig. 3.08). Such
compounds are very interesting because they usually contain areas in their *H NMR spectra
that are easily recognizable. For instance, all the Ha protons appear in a clearly distinguished
region and well differentiated from all the other protons. Furthermore, and very interestingly,
such protons are not-mutually coupled. In this way, one can selectively invert all the Ha
protons by using a band selective proton pulse, and then selectively invert a specific N-Hf3
proton of interest that will evolve along the indirect dimension during the t; period.
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o —h———N H ! LB
— [=] o (n] =] b
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} i t M
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81 A0 5% 58 %7 S6 & 54 53 52 57 50 4% ppm

Figure 3.08. On the left it is shown the J-selHSQMBC IP data after selective inversion of all the Ha protons as Ha,
and selective inversion of NH-5 as Hb. On the right it is shown and expanded area showing the a/B- spectra
corresponding to the Ha5-CO4 cross-peak.
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IIl.  Results and Discussion

1. Introduction

This publication, unlike the other ones, is based on the HSQC-pulse scheme. Here, a new
scheme is proposed for the measurement of individual *J(CH) as well as the magnitude and the

sign of geminal proton-proton coupling constants (J(HH)) in diastereotopic methylene groups.

13
I

The method is based on a Fl-coupled HSQC spectra that uses the initial ~>C Boltzmann

polarization instead of the conventional INEPT transfer. The experiment presented here is able
to resolve some of the most important downsides regarding the measurement of coupling
constants in such spin systems.

During the last years there has been a significant increase for the measurement of RDCs.
In high-resolution NMR spectroscopy under solution conditions (isotropic media) only the
information about the chemical shift and the scalar coupling constant is obtained. On the
contrary, dipolar and quadrupolar couplings are cancelled over the entire volume of the
isotropic sample due to its high translational and vibrational mobility. However, in an ideal
anisotropic media (solid), where the sample is slightly aligned with respect to By, dipolar
couplings can be detected and more structural information obtained. Typically, structural
information is obtained from chemical shift, coupling constants and from NOE parameters.
However, RDCs can serve as additional tool and, in some cases, they can be a key factor for
structural elucidation purposes in bio-molecules’ and organic compounds®. RDCs give
information about molecular geometry, like for instance inter-atomic distances, obtaining
conformational structure information as well as information about the relative configuration of
its diastereotopic centers’.

Experimentally, RDC’s appear as an additional contribution to the conventional signal
splitting due to the scalar coupling constant (J) so that, in order to extract them, two different
experiments must be acquired: one in an isotropic media (extraction of J), and the other one in
an anisotropic media (extraction of J+D). The magnitude of the RDC (D) is measured using the
following expression:

T=J+D

where T is the total coupling constant measured in the anisotropic sample, J is the scalar
coupling constant measured in the isotropic sample, and D is the dipolar coupling constant
determined from the above equation. It will be shown that, when the sample is aligned in an
anisotropic media, the resulting pulse scheme works very nicely for the measurement of RDCs,
such as 'D(CH) and 2D(HH), in diastereotopic CH, groups.
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The C-Hs crods-peak corresponding 1o 4 diastercobopic CHaHg methylene dpin dystem exhibits a
charactenstic 12001 multipler parrern Along the indirect dimendion of 3 oy -0oupked HS0C spectrem, It
is. sherwn here that the wse of the indtial "¢ Boltzmann polarization instead of the regalar INEPT-based
'H Bolremann pelarization makes visible e central lines of this multiplet patteri. & spin-state-selective

meethed s proposed for the efficent measurement of both "J/CH.) and *JICH,) along the indirect

:‘m’;ﬂ: dimenion of 4 20 spectrum as well 48 to the magnitude and the sign of 1he geminal 2J[HaH) coupling

Ome-Band proton—carhon cougling COMSLANT [wn the strasghtionward analysis of a single F_nu.rjqumwm ELOSY cross-peake. Additicnally,
i the extraction of "} CH) walues for CH and CH, maltiplicities can be also performed from the same

Twr-bd T p— spectrum. The success of the method is abso illustrabed for the determination of residual dipalar

DOFLANCE 'INCH) and “D{HH] coupling censtants in 2 small medecule weakly abigned in a FMMA swollen gel,

Methylone spin syitema © 2004 Elsevier Inc. Al rights reserved.

Inwerse INEFT

Fesidual dipolar couplngs

1. Introduction generate a high degree of asymmetry between the high- and

In recent years, it has appeared an enormous interest for the
meagurernent of scalar and residual dipolar (RDC) ene-bond pro-
ton-carbon coupling constants {J(CH) and "I{CH), respectively)
in small modecules dissolved in weakly aligned anisotropic media
| 1-31. HSQC-based pulse schemes have been generally chosen for
this purpose and the accuracy and the simplicity on the experi-
mental measurement of "JCH) are subjects of discussion. Some
topacs of recent interest have been (1) the design of general and ro-
st MME methods that works efficiently for all multiplicitees, ()
the discussion about whether the "JCH) splitting should be mea-
sured from the direct oy ('H) or the indirect oy (") dimension,
(iii} the accurate measuremnent of "JCH] for individual protons in
diasterectople CHy or NH; groups, o [iv] the simultaneoas deter-
mination of additional coupling constants from the analysis of the
same cross-peak, being the maximum interest the sign-sensitive
determination of geminal *J(HH) values,

The measurement of '[(0CH) from the detected dimension is rel-
ativelly easy and high levels of digital resolution are readily avall-
able. For instance, the CLIP-HSQC experiment prove to be an
efficient ool 1o determine the "J0CH) value from the resulting clean
in-phase douldets (4], However, strong [{HH) coupling eflects can

" l'mﬁp-lmdim Auibar
E-mail ackiwss: neodtr parel Lithaatcan (T, Paretla)

L T R [ [ e T i ]
1050-T807 ] 2014 Elsevier Inc. All rights reserved.

leww-field erultipler lines in cog-coupled HSQO spectra, which can
prechude reliable determination of "JCH) coupling constants val-
wes. In addition, broad signals andfor the large contributions of
ROCs can generate poorly defined multiplets that make difficult
accurate measurements. These drawbacks have already been de-
scribed, particularly for CH spin systems in carbohydrates or on
the typical strong geminal interaction found in diastersotopic
CH; spin systems, and some practbcal solutions have been pro-
posed [5-0L To avoid such inconveniences, the measurement of
' CH) abong the o, dimension have been advizable |9,10) although
this requires the need for a large number of ¢ increments, and
therefore longer acquisition tmes. The successful use of non-linear
uniform sampling. | scaling factors or spectral folding can speed up
data acquisition andjor increate the digital resolution in the oy
dimension | 10)].

The accurate measurement of 'J[CH) for individual protons in
diasterestopic CHaHg (or MHaHg) groups is one of the moest chal-
lenging tasks in this fheld. Several methods have been proposed
that meeasure them from the sy or oy dimension, but chey all pres-
ent some drawback that can prevent their general use [11-25]. For
instance, the passive '|{C-Hy) value can be separately measired
into the active H, cross-peak, and vice versa, dlong the o, dimen-
sion of a |-resobved HMOQC experiment |11]. In addition, the Large
doublet is further split by the “}{H,Hy) coupling vielding a dou-
ble-doubler. The disadvantage is thar additbonal experiments can
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be needed to measure "JCH) for €H or CHy spin systems,
Ui.edited wersions of the 20 "M J-resalved experiment have
been proposed to resolve enantiomeric derivatives dissolved in
anisatropic media by visualiring their different "J{CH) splitting
sizes along the indirect dimension [ 1.2,13], Other retated J-resolved
HSOC expenmems have been also descnibed but they can require
time-consuming 30 data acquisition | 14 or the collection of multi-
ple 2D J-modulated data [15.16], An impartant group of NMRE
expenments ire those based on spin-state sebection specifically de-
signed for methylene groups [£,17-25]. Some reporbed examples
should be the PEHSOC [8]) SPITZE [17] or CH-TROSY [19.20]
experiments that yield simplified coupling pattemns, and where
thie sign and the magnitude of the geminal *) HH ) can be addivien-
ally extracted, In all these cases. the central lines of the o, -multi-
plet correspanding te a CHy group ane not abserved, and therefore
anly the sum of the two "JCH) can be determined from the indirect
dimension,

In the present study, a new 20 oy -coupled inverse INEFT exper-
iment {referred 1o a8 ay-IINEPT) is proposed for the chservation ol
the missing central lines in diasterestopic CH; cross-peaks. The
resulting cross-peak present a characteristic ECOSY multiplet pat-
tern that facilitates the straightlforsand measurement of both indi-
vidual "WCHL) and "JCHy) walues, as well as the sign and
magnitude of the geminal *[{HH) coupling. The method stars
exclusively from " Boltzmann palarization, it is doven with
broadband ''C decoupling during "H scquisition and, very impor-
tantly, also works for CH and CHy multiplicities, The experiment
is easily adapred for a J-resalved presentation (referred Do XS -
IIMEPT-]) which allows obtain higher levels of resolution within
the same experimental time by the use af a reduced spectral wadth
in the indirect dimension [ 11-13.26.27], The success of the method
s Hllustrated for several samples and particular cases and as well as
for the measurement of small residual coupling constants in small
msdecules dissalved in a weakly aligned media,

2, Results and discussion

The idea to develop the c,=ilNEFT experiment was bom from
the recent F.LEHSQMBC experiment, which was devised 1o measure
three different '[{CH, *J0HH) and a "N CH) coupling constants from
a single 20 eross-peak | 28], Ovher related works that have inspired
us were the PEHS0C [2] and the BIRD-H50C |9 experiments, this
Latter being further refined and evaluared by Thiele and Bermel
[see Fig. 1c in Ref. [10]). The basic pulse scheme of the reference
eog-coupled HSOC [ey-HS0C] experiment uses the traditional 'H
Baltzmann polarization as a starting point {Fig 1AL In the follow-
ing, we consider an isolated diastevectopic CHHg span system de-
fined with three different "J{CHa), '[(CHa) and “J{HaHp) coupling
constans, The sequence starts with an initial 90¢ {”‘E}-Eﬂﬂil‘m
element to remove any contribution coming from the ''C Bolez-
miann polarization, After the "H-to-"'C INEFT tramsfer, anti-phase
I magnetization is present as a misture of 2HC, + 2HgL,.
which evalve under the effects of "CH) and & "*C) in a ssquential
mide, by using separated and synchronously incremented time
periods, Thus, the magnetization evolves first under the effect of
4 BIRD™™ element | 29,20 Manked by a varlable |-scaled r; evolution
penicd (defined by a scaling factor k] to allow the excusive evalu-
toon of 'J(CH ) wehereas "C ehemical shift and long-range CH contri-
butions are refocused, and then ''C chemical shift can evalve from
an aptional ¢y evalution pericd a5 usual, In the subsequent analysis,
the scaling factor, which is set arbitrarily within the limits set by
relaxation and/or signal overlapping, the effects of the labeling
G1 gradient and the optional "*C chemical shift £, evolution period
are neglected for the sake of clarity, Thus, for a single Hs spin, the
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Fig 1. Pulse sequences for the [A) wy-HS0C and (8) os,- ||H'F.F'Tﬂp¢ﬂmmts. 'I'hln
and (hick fectangles fepresent S0¢ and 1RO i, P v

applied along e x ais unless indicaved deffevencly. .'I.'IIISH:M “EDEp Mqﬂq_
iwapplied: @) = X80 @y = 5-x A small Bip angle [ § = 367 ) gemerates LOOSY crow-
ek, Meverriion and refocusing 180F ''C pulses can be applied a4 sdisharic pilees
and ihe clement labeled a1 5"C) evohuion period i optiooal. The inter-pulse
drlayy in IKEPT snd BIRD clementy are optimiced socording e 4 =152 « "[RO0
The echifisti-ocha endoding of o, Eogueencies was achicved by changing the sign
of Gl between smuccessive [ incremenis. The mtio beiween GIIG2:GI wene
BE200:17, The duration of a pubie-fiekd gradient (PRG) and of the ubsmquin
reneraTy deldy dffOUnE 1o 4

evolution during the variable 1, BIRD-based period (k= 1) is de-
scribed as:

TH Cyfcosi ' JOHA My )08 [{CHg ) ) = sing’ [ICH. e )
« sin{E J{CHy) )| (n

Applying the rigonometric relatienship cosAcos 8 - sinAsind = co-
s{A + B}, we obtain

ZHg Gy cos(n'J(CHy = "JICHR1 1) (2}

maning that only the owter lines of the theoretical mplet or dow-
e-doublet coupling pattern of the methylene proton cross-peak
would be observed and, therefore, only the sum of the both cou-
Mings ("JCHy + 'JiCHE)) will e observed a3 an in-phase dou-
et along the indirect dimension (Fig. XA} |15) This dependence
with respect to the cosine function makes that multiplet patterns
with relative intensities of 1:1 for CH, 12001 for CHy, and 3:1:1:3
far CH; will be displayed along the o dimension [5.34], A key lea-
e introduced inthe lasr refocusing INEFT block is the small-flip
'H pulse angle {# = 36°) which generates simplified ECOSY multi-
peet pattemns for non-equivalent protons i CH; and CHy spin sys-
tems (Flg 2B) |B31-33),

To improve the appearance and usefulness of eross-peaks ob-
tained from oo, -iINEFT experiments, we propase 1o star the exper-
iment with the initial "5C Boltzmann polarization instesd of the
IMEPT-based "H Bolizmann polarization because this leads to inter-
esting changes in the central lines of methylene cross-peaks, as
kmoven for the analogous old ''C-detected heteronuchear |-resolved
2D experiment [35L The initial S0 "5%C pulse, applied after an
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diiven (1 -HE0C) experiments using @ = 90 and 36%, espretively, asd (C and D) ''C-Belirmana polasization diven experiments [on-INEPT) wiisg &= 900 and 36%,
respectively. In (D), the magninsde and che sign of all invelved couplings (definsd a3 ") HaHy) and asuming "N CH.] < "J0H.]) can be readily extraoed. Open and dated

cirghes repreient peaks. wilk oppoiite phawe,

heteronuchear NOE enhanoed pre-scan period by means of a 'H
WALTZ-16 pulse train saturation, generates in-phase -C, magneti-
zation (Fig. 1B) which evolves under the effect of "HCH) during the
variable 1, BIRD-based period:

=2 C|sin( R NCH, g ) oos(®" JICHE I )|
= 2Hg,Cy oo m ' |{CH,, )ty ) sin(a']iCHg )8, )] 13)

The result is 4 pure absarptive 20 o, -IINEPT spectra displaying
double-doublet coupling patterns along the oy dimension for each
individual Hy or Hy cross-peaks, thar initially would consist al
eight different components as shown in Fiz. 20 Analyzing only
the My spin, it will shew an aidi-phade doublet pattern with re-
spect to '{CH,) (sine madulated ) and an additional in-phase dou-
blet pattern with respect 1o '){CHy) [cosine modulated) alang the
oy dimension. As disoussed before, the effect to apply a small flip
anghe (f = 36°) will generate a simplified four-component cross-peak
with a characteristic E.COSY multipler pattern due to the mutual
“HHaHy) [Fin. 200, which facilites bath the multiplet interpretation
and analysis {gee Fg 51; supporting information), Thies, the active
"HCH,) coupling is directly extracted from the anti-phase 1:-1
patterm along the same column in @, wheress the passive
"HCHa) coupling can be also extracted directly by measuring the
in-phase components in each pan of the E.COSY pamern. Otherwh-
ise, the sign and the magnitude of *J{HH) is easily extracted from
the frequency separation between tilted peaks along the w2
dimension. Fip. 2 summarizes the expecved cross-peak pattenn
for a single diasterestopic CH.Hy proten using the different
oy -HB0E aned eoq-IINEFT with j=90° and 36°. For CH
groups, a doublet with relative 1:-1 intensities i obtained
whereas a 1:1:-1:—1 coupling pattern will be dizplayed for a
CHy group.

As a first examiple, Fig. 3A and B shows the equivalent o, -HSQC
amsdl auky-HNEPT correlation specira, respectivedy, of sirpchndne (1 in
Scheme 1) acquired with the pulse schemes of Fig 1. under the
samie experimental comditions and using 3 scaling factor of k= B,
The general coupling pattern for individual CH and CH; groaps
are marked with highlighted boxes. CH cross-peaks present the
same doublet structure in bath approaches, On the other hand,
wihereas the central lines for each individual CHy cross-peak ane
absent in the o-H3QC spectrum, they are clearly distinguished
in thie o3 -IINEPT version. A close inspection of the multipler pat-
terns for CHy cross-peaks in both spectra reveals the simplified
ECOSY multiplet stmcture as described in other related experi-
ments |8.19]. Also node the different in-phase vs anti-phase pattern
behavior along the indirect dimension, although this is not relesant
for the measurement. in cases where chemical shift assignment |s
already known and/or signal overlapping is not severe, the pro-
posed method can be recorded in a J-resolved mode by simpbe
omission of the 'O chemical shilt evolution pericd (f
~ T8O "H) — Iy) In this way the spectral width in the indirect
dimension could be reduced by a factor of about 40, from
20,000 He {160 pprm at 500 MHz] to 500 He, and therefore the
spectral resolution in ey should e improved by a similar factor
il all ather experimental conditions remain the same. Fig. 5C and
0 shows the equivabent ox-HSQC-] and o-HNEPT-) speciva,
respectively, acquired with the same number of r, increments
amel wsimgg an scaling factor of k = 1. it can be observed that the ab-
sence af "0 cherical shift signal dispersion dess not introduce 3
serious problem on severe signal overlapping ina small molecube
like 1, where all cross-peaks can be succesfully analyzed, All the
diseussion and conclisions described in Rel | 10] about the appli-
cation of non-linear sampling to accelerate data acquisition and|
or to increase digital resolution in the indirect dimension could
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be extrapolated here for vhe proposed methods. Further increase of
resolution by a Factor of 3 can be additionally schieved by allowing
signial folding i the indirect dimension (see Fig. 52 in the supporn-
i information for an example provided using a reduced spectral
width of 180 Hz)

Fig. 4 shows an expanded area of the 20 o -INEFT-] spectrum,
where the clean tl, the straightforeand analysis and the excellent
resoluticn of the resulting peak patterns can be guickly observed.
Mote the perfect equivalence between the cross peaks of diasteren-
topic protons (for imstance H-18a vs H-18b or H-11a vs H-11k)
which permit the easy and direct measurement of the same three
different involved couplings ("KCH,) and 'JCHg) as well as the
geminal J(HH)) from two independent cross-peaks. The comygari-
som of the experimental | values extracted from these two different
measurements evaluates the accuracy of the measurement, and
algn ensures the measurement of all couplings even in the case
of accidental signal overlapping of one of the two diastercotopsc
protan prevents it analysis, For well resalved THHH) values, the
difference bebween diastercotopic ") CH) values is quickly ascer-
tained from the relative displicement between the two central
lines and accurate 'HCH) vahues can be casily measured even in
the case of minor differences berween "JCHL ) and 'J[CHy L. Far in-
stance, whereas a small difference smaller than 2 Hz is measured
for the H-15a/H-15b palr. a big difference about 14.5 Hz is found

160

H-18a/H-18b. Experimental "CH) and *J{HH) data exracted
Iram tsese spectra fof compound 1 are in dgreemen with those re-
poned previously in other works (see Table 51 in the supparming
information) |5.36-39], Even in the case of signal everlapping.
CH cross-peaks can be easily distinguished from those of CH;
groups by their different doubler or double-doublet coupling pat-
terns and also from the relative opposite phase of the anti-phase
comipanents. for CHICH,; and ©H, groups because the BIRD element
acts as 4 multiplicity-editing element, For instance, note the clear
distinction and straightforward measurement that can be per-
formed for the three different protons resonating close o 3.1-
3.2 !

'I.E‘fpl"lre“n two diagierestopic protons have similar chemical shift
and 'JCH) walues, the central lines can be partially or completely
cancelled, as shewn for the H-17afH-17b protons resonating ar
1.9ppm in Fig 20, Anather specal case is when the geminal
W HH] is near to 0 Hz, where the distinction of the four ECOSY
components will depend of the different "JCH] sizes. One ilhestra-
tive example is the H-8a and H-8b olefinic protons belonging to the
exacyclic CHy group In S-methylene-2-norbornene (2] (Fiz SA)
which present unresolved signals in the conventional "H spectrum,
and where the mutual *){HEa-HEb) coupling can not be directly
mezsured. The well differentiated four components observed in
the v - ANEPT- spectra allow a measurement of *J(HH) = #1.1 Hz,
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where the positive sign can be determined by comparison with the
oppasite ECOSY il presented by ather diasterestopic H-6 and H-7
methylene protons, which have large negative ‘I HH) values of
=153 Hz and - 8.1 Hz, respectively. Although there are small dif-

ferences between the two central lines, the measurement of each
imdisidial 'J0CH) {1551 8 157.1 Hz) can be performed twice, inde-
pendently from each oross-peak and with a minimal deviation
af +0.1 H (Table 52; supporing infeemation)

The simplicity of the proposed o, -iINEFT methods make them
highly interesting for the measurement of small 'D{CH) and
Iy HH ) RDCs, by comparizon the difference between experimental
measurements performed in isotropic w5 anisotropic conditions
(V= Ty minny = s} Compoand 2 was weakly aligned in a palyi-
methyl methacrylate) (PMMA) gel swollen i CDCH using the
reversible compressionfrelaxation method [40] , and "0(CH) and
“D(HH) RDCs magnitudes and signs could be easily determined
for all signals (see Fig. 53C; suppomning information) Fig. 5 com-
pares some cross-peaks ohtained in both Botropic and anisotropic
conditons. It can be seen how the refative onentation of each dia-
sterentopic HH pair is clearly differentiated from their “DiHH) val-
ues: —(h2Hz for H-Ba/H-8b protons, —4.1 Hz for H-Ga/H-6b
protons and +3.1 Hz for H-Ta/H-7b protons. A list of all measured
scalar and residual dipolar coupling constants can be found in
Table 52 of the supporting informatkon,

The last example corresponds to a modecule having a more com-
phex 'H spectrum, progesterone {3], with high levels of signal over-
lapping in its aliphatic region. Fig. & shows an expanded area of the
- INEFT spectrum, where cross-peaks for all multiphicives can be
distinguished and the corres ponding 'JICH) and “JHH) values con-
venbently measured (see Table 53 in the supporting information).
For insance, noté the excellent signal dispersion and multiphet
editing for the five resonances fully overlapped in the 1.5-
1.65 ppm anea. Accidemal overlapping of multipler components
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Fig. 5. Some illusirateee 20 cross: peaks extraoied from the s, SINEPT-| specira of 2
showing the ity ewasurement of (ke eaperimental CECHY'TICH] and
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e pomsplinigs ane alio measered from the ctoss-gealks of the other diasiepeotops:
proccas (s 4 complene set of coupling values in Table 52 0 18 Suppaning

informaiionl

can be overcomed by using the |-resolved wersion or by changing
the scaling factor. The diastereotopicity in the three protons
belonging to a methy| groups is not observed and they wsually ap-
pear as a singlet due 1o their free rotation under isotropsc condi-
thons. However. in analogy with the discussion presented here for
diastereatopic CH; gpin systems, the same conclusions could be ex-
wracted from the analysis of a hypothetical non-equivalent protons
ifi @ CHy group |2.41], Whereas isotropsc CHy crods-peaks with no
distinction between eguivalent profons present a typical 3:1:1:3
multiplet pattern in ox-HS0C experiments [34], they display a
symmetrical 1:1:-1:-1 coupling pattern in the e, -iIINEFT, as seen
for the Me-21 in Fig. & A modified HS50C experiment has been
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addition. the 1911 -1 muliiphel coresponding fa the methyl group 21 (st
10K ppm ) i alus beghlightrl.

reparted to recover the 1:3:1 and 1:3:3:1 pattern in MNHy and
NH; groups, respectively. and spin-state selected methods 1w
study anatysis have been used o stedy differential relaxanion of
the different line multiplets of methyl cross-peaks in profeins [41],

In terms of sensitivity, the o -[INEPT experiment present a sen-
sitivity decrease when compared to the analog w,-HSOC expen-
ment, because of the differential signal enhancement achieved by
heteronuclear pelarization transfer via INEPT or by heteronuclear
ROE effects. In addition, the pre-scan delay must be optimized as
4 function 1o the longer "'C T, values, although that protonated
carbong relax relatively fast. Dur experimental data confinms such
thesretbcal prediction and signal-to-nolse enhancements by a fac-
tor of about 3 and 4 can be achbeved for os-ANEFT and o -H50C
experiments, respectively, when compared with a reference non
signal-enhanced o-iINEFT expenment acquired without proton
saturation and a pre-scan delay of 3 5 (see Fig. 54 inothe supparming
information L. Although the proposed methodology could distin-
guish diastereptopic protons in MH; groups, the Large difference
in sensitivity enhancement achieved by polarization transfer when
compared with those abtained by direct "N Boltzmann magneti-
zation withaut NOE enhancement (a theoretical factor about 100
makes the experiment of limited practical use die o its very low
sensitivity. In addition, the two central lines are lkely to be quite
beoad foe Large molecubes.

In summary, a general and simple NME method 10 obiain a
characteristic spin-state-selected multiplet pattern for diastereo-
tapic CHyHy methylene systems has been described. The magni-
tudde and the sign of the three involved coupling values ['J[CH.)
"WCHg) and J{HaHg)) can be measured simultaneously from the
analysis of a singhe and dlean four-component E.COSY cross-peak.
The method also measures "J{CH) for all other carbon muleiplici-
ties, and it is easily adapted for a J-resolved representation that al-
lowes the use of 3 more reduced spectral width in the carbon
dirmension, obtaining higher levels of resolution within the same
experimental time, We have also shown that small "D{CH) and
“D{HH} RDCs can be measured for small molecules weakly aligned
in anisotropic media, The proposed technigues are appropriate for
routine use because require minimum set-up and afford simple
data analysis and interpretation,
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1. Methods and materials

The izatropic samples used in this work were 0012 M strychnine
dissalved i ODCH (1), D14 M S-methylene-2-norbornene dis-
sobved in C0C; (2] and 0,03 M progesterone dissolved in DMS0
(3] (see chemical striciures in Scheme 1) For the measurement
of ROCs, 10mg of 2 was aligned in a polyimethyl methaondate)
{PMIBMA) gel swollen in CDCy using the reversible compression
relaxation method [40). The “H quadrupelar splitting {AvQ) for
the COC, signal was of 24 He. NMR experiments an 1 and 3 were
recorded on a BRUKER DEX-500 spectrometer equipped with a 3-
channel S-mm cryoprobe incorporating a z-gradient coil. NMER
experiments on 2 were carried out in a Bruker Avance 600 spec-
trometer equipped with a TXI HCN z-grad probe., The temperature
for all meeasurements was set to 293 K

In all experiments. the inter-pulse A (=1/{2 « JCH)) delays
were set to 3.5 ms [optimized to "HCH=145 He) Gradient ratios
for G1:G263 were set o 80:20.1:13, measured as percentage of
the absalute gradient strength of 53.5 Giom. Sine bell shaped gra-
dients of 1 ms of duration and followed by a recovery delay of
100 ps were wsed. "H saturation during the entire pre-scan delay
was accomplished applying a 2.5 kHz WALTZ-16 modulated pulse
train, Broadband "C decoupling during acquisition was achieved
applying a & kHe GARP modulated palse train. All experiments
were acquired and processed using the echojanti-echo protocol
where the gradient G1 was inverted for every second FID. An scal-
ing factor k=8 were wied lor the correlation experiments for all
compounds. The |-resolved spectra were acquired omiditing the
Fya — 1B0C"H) - fyg element in the pulse sequence of Fig 1 and
reducing the specral width in the indirecy w, dimension o
500 Hz,

For spectra of Figs, 3, 2 scans were accumadated for each one ol
the 256 1 incremients and the number of data points in £ was set
1o 2048, The recycle delay was s21 1o 1 & fof i -H50C type exper-
imenis {Fig. 34 and C) and 35 for w-INEPT type experiments
{Feg. 38 and D), Spectra 1A and 3B were acquired with an spectral
window of 5000 Hz (in ;) and 20,000 Hz (in o) giving a AD
resalutkon of 2.4 and 9.8 Hz, respectively, Prior to Fourier-transfor-
mation of each data, zero filling to 40596 in vy, 1024 in @y and a
=/Z-shifted sine-squared window function in both dimensions
were applied. After applying zero filling the digital resolution was
1.2 amd 2.4 Hz, respectively. In spectra of Figs. 30 amd 30, the
spectral window in oy dimensbon was reduced to 500 He giving a
FID resolution of 2.4 He {in e} and 1.9 Hz (in oy L After applying
zero filling the diginal resolution was 1.2 and 0.5 Hz. respectively.

In the tay-ilNEFT-] experiments recorded on 2 in isotropic and
anksotropic media (Fig 5], a recyche delay of 3 5 was used, 4 scans
were accumulated for each one of the 256 1) increments and the
number of data poants in f; was Lot po 2048, Both of them were ac-
quired with an spectral window of 3600 Hz (in wy) and 500 Hz (in
] giving a FID resalutbon of 1.8 and 1.9 He, respectively. Prior to
Fourier-transformation of each data, zero filling o 4086 i o,
1024 in oy and a ff2-shifted sine-squared window function in
both dimensions were applied. After applying zero filling the digi-
tal resalution was 08 and 0.5 Hz, respectively, In the w,-INEFT
experiment recorded on 3 [Fig 6L a recycle delay of 3 5 was used,
4 scans were recorded for each one ol the 256 fy increments and
the number of data podnts in &; was set to 2048 in all the experni-
ments. Data were acquired with an spectral window of 2000 Hz
{im o) and 12,500 Hz {0 oy ) giving a AD resolution of 1.0 and
6.1 He. respectively, Prior o Fourser-transformation of each data
zern filling 1o 4096 in g, 1024 in oy and a 7/2-shified vine-
sqquared window function in both dimensions were applied. After
applying zero filing the digital resolution was 05 and 1.5 He,
respectively,
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Straightforward measurement of individual 'J(CH)

and *J(HH) in diastereotopic CH, groups.
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Figure S1: Effect of the § angle in ®;-iIINEPT-J experiments.

Figure S2: Spectral Folding in m;-iINEPT-J experiment.

Figure S3: @;-1INEPT and w;-iINEPT-J spectra of 5—methylene-2-norbornene in
isotropic and anisotropic media.

Figure S4: Intensity signal dependence with respect the pre-scan delay in ®;-1INEPT
and ;-HSQC experiments

Table S1: 'J(CH) and *J(HH) coupling constants of strychnine measured from ;-
1IINEPT-J spectra and other published methods.

Table S2: 'J(CH)/'T(CH) and “J(HH)/*T(HH) coupling constants of 5-methylene-2-
norbornene measured from ®;-iINEPT-J spectra.

Table S3: 'J(CH) and “J(HH) coupling constants of progesterone measured from ;-
1IINEPT and ®1-HSQC spectra.
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Figure S1: Effect of the B angle in ;-iINEPT-J experiments of 1: A) f=90°, B) B=36°,
and C) B=126°. Note the complementary spin-state selection in B vs C. Experimental

conditions as described for Fig. 3D.
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Figure S2: Spectral folding in the ®;-iINEPT-J spectrum of 1. 2 scans were collected for

each one of the 256 t; increments using a spectral width (SW(F1)) of 180Hz in the

indirect dimension. The digital resolution was of 0.18 Hz in the indirect dimension. All

other experimental conditions as described in the Fig. 3D. 'J(CH) coupling values are

extracted from the relationship SW(F1)-Av(w,), where Av(w;) is the distance measured

between individual components of a given cross-peak along the indirect dimension.

Similarly, the distance between outer components allows to obtain the sum of the two

coupling values, according to 'J(CH,)+ 'J(CHg)=2*SW(F1)-Av(F1).
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Figure S3: A) w;-iINEPT and B) w;-1INEPT-J spectra of 2 in isotropic CDCl; solution;
C) w-1INEPT spectra of 2 in anisotropic conditions (PMMA gel swollen in CDCls). w;-

IINEPT experiment (A) was acquired with an scaling factor of k=8 whereas B) and C)

used K=1. Other experimental conditions as described for Fig. 5.
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Figure S4: Signal intensity dependence of the H-8 proton in 3 as a function of the
duration of the pre-scan delay: w;-iINEPT experiments A) without and B) with 'H-
saturation during the pre-scan delay, and c) ®;-HSQC experiment using an initial
INEPT transfer. As a reference, the intensity of the HSQC experiment using a recycle
delay of 1 second has been normalized to 1.
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Table S1: 'J(CH) and *J(HH) coupling constants (in Hz) of strychnine (1) extracted

from the ®;-iINEPT-J spectrum.

o-iINEPT-J ref. ref. ref. ref. ref. ref.
(This work) [37] [36] [38] [5] [37] [39]
'J(CH) [*J(HH) 'J(CH) 2J(HH)
Cl H1 158.9 - 158.0 | 158.8 | 159.0 | 159.0 - -
C2 H2 | 161.7 - 162.0 | 160.7 | 161,3 | 161.56 - -
C3 H3 | 1603 - 159.0 - 159.4 | 159.85 - .
C4 H4 | 169.1 - 1682 | 168.7 | 168,6 | 168.4 - -
C8 HS | 1449 - 145.1 | 1447 | 1449 | 144.89 - -
Cll1 Hlla| 135.6
-18,1 | 133.8 | 1349 | 1353 | 135.06
(from H1la) [ H11b | 125.9
174 | -17.38
Cl1 Hlla| 135.7
2183 | 1252 | 125.8 | 125,5 | 126.08
(from H11b) | H11b | 126.1
C12 HI12 | 1492 - 147.6 | 1483 | 1493 | 149.17 - -
Cl13 HI13 | 1248 . 123.6 | 123.7 | 1252 | 124.38 - -
Cl4 Hi14 | 131.4 - 1314 | 1303 | 131,9 | 130.36 - -
Cl15 Hl5a | 131.3
-153 | 132.1 | 130.0 | 131,5 | 130.36
(from —{ yisp | 1296
H15a) 145 | -14.31
Cl15 Hl5a | 130.7
2154 | 1322 | 1294 | 1304 | 129.93
(from HI5b) | HI15b | 129.6
Cl6 H16 | 146.8 - 146.9 | 1459 | 146,3 | 146.6 - -
C17 H17 | 133.1 . 134.0 | 1342 | 133,1 | 132.93 - -
C18 H18a | 146.0
2103 | 139.7 | 147.1 | 147,6 | 146.17
(from H18a) | H18b | 131.6
C18 Hi8a | 146.1 -10,1 -
(from -103 | 1315 | 131.0 | 133,5 | 131.2
HI8b) HI8b | 131.3
C20 H20a | 139.0
-15.6 | 137.7 | 138.4 | 139,7 | 138.91
(from H20a) [ H20b | 138.5
C20 H20a | 138.9 -143 | -14.74
(from -155 | 137.7 | 138.7 | 139,9 | 138.91
H20b) H20b | 138.9
Cc22 H22 | 158.7 . 158.1 | 159.1 | 159,3 | 159.43 - -
C23 H23a | 145.1
2137 | 1447 | 1455 | 1459 | 145.74
(from H23a) | H23b | 137.3 137 13.44
23 H23a | 145.6 It B
-13.8 | 136.8 | 136.0 | 1372 | 1372
(from H23b) | H23b | 137.2
Digital
Resolution 0.5 1.1 1.0 - 0.4 0.2 1.0 -
(Hz)
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Table S2: 'J(CH) 'T(CH) and “J(HH)T(HH) coupling constants (in Hz) of 5-
methylene-2-norbornene (2) measured from ®;-iINEPT-J experiments in isotropic and

anisotropic weakly aligned media.

Isotropic Anisotropic
Jen g "Tex Tun "Dy’ Dy’
C, H, 147.2 - 147.9 - 0.7 -
C, H, 168.9 - 168.2 - 0.7 -
Cs H; 170.8 - 170.2 - -0.6 -
C, H, 148.3 - 148.8 - 0.5 -
C6 (from Hﬁa) Hﬁa 136.0 134.4 -1.6
-15.1 -18.9 3.8
Hg, 130.7 130.1 -0.6
Co(from Hg,)  Hga 136.0 134.1 -1.9
-15.3 -19.4 4.1
Hg, 130.4 130.1 203
Cﬁfmm Ho, 136.8 137.8 1.0
7a) 8.1 -5.0 3.1
Ho, 131.4 130.8 0.6
Cﬁfmm Ho, 136.8 137.9 1.1
7) 8.1 5.1 3.0
Ho, 131.5 130.9 -0.6
C8}(Ifr°m Hq, 157.0 157.5 0.5
8a) 1.1 0.9 202
Hg, 155.1 155.3 0.2
Cgl&from Hq, 157.1 157.6 0.5
b) 1.0 0.8 02
Hg, 155.1 155.4 0.3
Digital Resolution (Hz) 0.5 0.9 0.5 0.9

*RDCs (lDCH) values calculated from the different between the 'Tcy values and the
corresponding isotropic 'Jcy values.
®RDCs (ZDHH) values calculated from the different between the *Tyyy; values and the
corresponding isotropic *Jyy values.
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Table S3: 'J(CH) and *J(HH) coupling constants of progesterone (3) measured from ;-

iINEPT and m;-HSQC experiments.

o-iINEPT 0,-HSQC
JcH | wEH | JCeH? | mn)
Hlax 126.8 B 15 e
-13.5 56.7 -13.
C1 (from Hlax) Hleq 129.9
Hlax 126.5
-13.6 256.2 -13.3
Cl1 (from Hleq) Hleq 127.7
H2ax 123.9 B ) iy
-16.7 55.7 -16.
C2 (from H2ax) H2eq 132.1
H2ax 124.3
-16.9 255.9 -16.9
C2 (from H2eq) H2eq 1323
C4 H4 158.8 - 158.7 ]
ro 1248 14.3 255.3 14.5
C6 (from H6ax) Hoéeq 130.6 T : A
Ho6ax 125.1
-14.4 255.1 -14.2
C6(from H6eq) Hé6eq 130.7
Hax 1247 13.2 254.5 13.4
C7 (from H7ax) H7eq 1304 ' : :
H7ax 124.6
-13.3 254.5 -13.0
C7 (from H7eq) H7eq 130.2
C8 HS 124.4 - 123.7 -
9 H9 122.9 - 123.6 _
Hllax 125.3 95 2537 0
Cl11 (from H11ax) Hlleq 127.8 ' : -
Hllax 126.2
-10.8 253.8 -10.6
Cll (from Hlleq) | Hlleq 128.3
H12ax 127.3 137 1565 p
C12 (from H12ax) | Hl2eq 126.4 ' ' '
H12ax 127.2
-13.5 256.1 -13.7
CI2 (from H12eq) | Hl2eq 126.9
Cl4 H14 124.0 _ 124.1
Hl15ax 130.7 e 22 o
C15 (from Hl5ax) | HlSeq 132.4 ' ' '
Hl5ax ov
-13.7 262.1 -12.9
Cl15 (from Hi5eq) | HI5eq 1329
Hl16ax 128.2 . oS .
C16 (from H16ax) Hl6eq 133.6 :
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H16ax 127.1
* 261.1 *
C16 (from Hl6eq) | H16eq 133.5
C17 H17 127.5 - 127.9 ]
C18 HI8 125.6 i 125.5 ]
C19 HI8 127.4 - 127.0 ]
C21 HI9 126.8 ] 127.2 _
Digital Resolution
(Hz) 1.5 0.5 1.5 0.5

? For diastereotopic CH, protons, only the sum of *J(CHA) and "J(CHB) is obtained.
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IV. Appendixes

APPENDIX ONE

Simultaneous determination of multiple heteronuclear coupling constants

This section contains some of the work that, because of the timing problems, it has not been
included as Publications. It is basically focused on the simultaneous measurement of several
coupling constants in a single 2D NMR experiment by using some of the pulse sequences
developed and introduced in Results and Discussion section. It will be shown how such
simultaneous measurement can be achieved by using two different concepts:

e The presence of a high-abundant passive spin
e The use of Time-Shared (TS) 2D NMR experiments

Additionally, these two concepts can be combined allowing us to obtain even more
information:

e TS Experiments in compounds having a high-abundant passive spin
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IV. Appendixes

The presence of passive spin effects in selHSQMBC-like experiments

When the original sel[HSQMBC pulse scheme is applied on molecules containing a
passive high-abundant spin Z, such as *°F or *'P, the additional measurement of J(ZH) and J(X2)
is feasible from the complementary E.COSY' coupling pattern, independently to the
measurement of J(CH) from the IPAP pattern. The selHSQMBC method is a frequency-selective
experiment and, in principle, they provide J values for a single resonance, although it can be
also collected for an increase number of signals by using regions-selective pulses on non-J-
coupled protons. Otherwise, selHSQMBC experiments” involve pure in-phase magnetization,
and therefore the incorporation of a TOCSY transfer allows to extend the determination of all
J(ZH), J(XZ) and J(CH) coupling constants for an entire 'H spin system® in a very easy way thanks
to the pure IP nature of the cross-peaks obtained due to the use of selective proton pulses in
the INEPT transfer that completely remove any J(HH) modulation.

A schematic representation showing the IPAP methodology in selHSQMBC when a high-
abundant Z nucleus acts as a passive spin is shown in Fig. 4.01. Two complementary IP and AP
data are acquired and then combined (IP*=AP) to obtain a/B sub-spectra. Coupling constant
values are extracted as shown in the panels. The relative tilting of the E.COSY pattern provide
information about the relative signs of the involved couplings.
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Figure 4.01. Schematic representation showing the IPAP methodology in selHSQMBC when a high-abundant
nucleus acts as a passive spin
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C. Griesinger, O. W. Sgrensen, R. R. Ernst. J. Am. Chem. Soc. 1986, 107, 6394.
2

S. Gil, J.F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145.
3

J. Sauri, J.F. Espinosa, T. Parella. Angew. Chem. Intl. Ed. 2012, 51, 3919.
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a) Passive spin in selHSQMBC IPAP experiment

A real example is shown in Fig. 4.02 corresponding to the 2D *H-"*C selHSQMBC-IPAP
experiment after selective excitation of the H1 proton of allyltriphenylphosphonium bromide.
IP data yield "J(PH) in the detected dimension as well as J(CP) in the indirect dimension thanks
to the E.COSY pattern generated by the presence of the passive *'P spin. The arrows indicate
the relative sign of J(CP) and the relative displacement between o/B cross-peaks allows the
accurate measurement of "J(CH).
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Figure 4.02. Expanded area corresponding to 2D *H-"3C seHSQMBC-IPAP after selective excitation of the H1
proton of allyltriphenylphosphonium bromide.

b) Passive spin in selHSQMBC-TOCSY IPAP experiment

The related selHSQMBC-TOCSY experiment allows extend all the features from
sel[HSQMBC IPAP experiment to other protons belonging to the same spin system (Fig. 4.03).
Positive tilt means the same sign, while negative sigh means opposite sign. Assuming that
3J(PH) are positive, we can stay that “J(CP) are positive, *J(CP) negative and >J(CP) positive
again.
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Figure 4.03. Relative E.COSY multiplet tilting in the relayed cross-peaks obtained in a pure in-phase 2D 'y-Bc
selHSQMBC-TOCSY spectrum of cinnamyltriphenylphosphonium bromide after selective excitation of the H1
proton. The passive *1p hucleus allows the determination of the sign and the magnitude of from the relative
E.COSY pattern generated along the indirect F1 dimension. Note that the relative sign between J(CP) and J(HP)
can be easily determined taken from the relative tilt of the E.COSY pattern.

The selHSQMBC experiment can be successfully applied to other nuclei than X= *C
and, for instance, the application of equivalent *H->N selHSQMBC and ‘H-*N selHSQMBC-
TOCSY counterparts on molecules containing nitrogen at natural abundance and fluorine
nuclei allows the simultaneous measurement of a complete set of J(NH), J(NF), J(HF) coupling
constants. For instance, the sel[HSQMBC-TOCSY IPAP spectrum of 2-fluoropyridine after
selective excitation of the H4 proton is illustrated in Fig. 4.04. It is shown that under good
digital resolution conditions, long-range J(NH) coupling values smaller than 2-3 Hz can be
measured along the detected dimension using the IPAP technique, mainly because the
intensity of the corresponding relayed cross-peaks depends of the efficiency of the starting N-
H coupling.
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Figure 4.04. Expanded area showing a/pB- spectra corresponding to 2D *H-">N sel[HSQMBC-TOCSY IPAP experiment
(pulse scheme of Fig. 1D) after selective excitation of H4 proton of 2-fluoropyridine. The passive Y hucleus
allows the determination of the sign and the magnitude of J(NF) and J(HF) from the relative E.COSY pattern

generated along the indirect F1 dimension, while the sign and the magnitude of "J(NH) are measured from the
relative displacement of the o/B spectra as it is shown from the 1D slices.
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Time-sharing selHSQMBC-like experiments

The most conventional strategies in NMR spectroscopy are based on the sequential
acquisition of individual n experiments. However, the successful implementation of PFGs in 2D
heteronuclear shift correlation pulse sequences allow an elegant way to select specific
coherence pathways as well as purging undesired magnetization®. Taking profit of these
advantages it is possible to simultaneously acquire information from different nuclei in a single
correlation experiment. HSQC-like pulse sequences have the same coherence pathway
irrespective to the nucleus (for instance *C or *N), being the optimization of the A delay the
only real difference.

Time-shared (TS) NMR experiments® propose a new way to obtain information saving
time by a simultaneous acquisition of n experiments that are further properly processed to
separate the different information obtained (Fig. 4.05).

Acquisition Processing

B om
=

simultaneous seguential

time-consuming

Figure 4.05. Comparison of sequential vs. simultaneous acquisition. Note that the same information is obtained
in the processing step.

The concept used in TS experiments can be described as the simultaneous evolution of
two different heteronuclear frequencies into the same t; period. For instance, an example of
TS concept introduced into the sel[HSQMBC IPAP pulse sequence is shown in Fig. 4.06.

4
a) T. Parella. Magn. Reson. Chem. 1998, 36, 467, b) M. Sattler, J. Schleucher, C. Griesinger. Prog. Nucl. Magn. Reson. Spectrosc.

1999, 34, 93.
> a) P. Nolis, T. Parella. J. Biomol. NMR. 2007, 37, 65. b) M. Pérez-Trujillo, P. Nolis, T. Parella. Org. Lett. 2007, 9, 29, c) P. Nolis, M.

Pérez-Trujillo, T. Parella. Angew. Chem. Int. Ed. 2007, 46, 7495, d) P. Nolis, M. Pérez, T. Parella. Magn. Reson. Chem. 2006, 44,
1031.
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Figure 4.06. Pulse schemes of the time-shared version of the 'H-2¢-*N selHSQMBC experiment. The interpulse
delays are optimized to A=1/(2-"JXH). IP: W=y, €= on. AP: W= x, £= off. A minimum two-step phase cycle is
needed: ¢1=x,-X, d,=-x,x and P,..=x,-x. Gradients G1, G2 and G3 are used for coherence pathway selection using
echo-antiecho, G5 acts as a zz-filter, G4 and G6 flank the inversion proton pulses to generate pure refocusing
elements. The ratios between gradients G1:G2:G3:G4:G5:G6 were set to 80:20.1:8.1:50:17:11.

Two independent IP and AP datasets are separately collected as a function of the pulses
marked with ¢: IP (W=y and e=on) and AP (W=x and e=off). a- and B- data are obtained after
time-domain data addition/subtraction (AP+IP).

Several aspects should be taken into account when implementing TS in a given pulse
scheme. On the one hand, spectral windows must be optimized for the independent evolution
of C and N chemical shift during t; and t’; periods. Such periods are implemented according
to At; = 1/(SW(*3C)) and At'; = 1/(SW(*N)) — 1/(SW(*3C)) in order to allow N heteronuclear
evolution and to incorporate **C evolution within the period of **N evolution (Fig. 4.07).
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Because *C evolution period is inserted into the >N evolution period, Z and T delays
need to be reorganized for a proper setting up of the pulse sequence, so that

{=1t,+ 6+ 1802 H pulse

U =t'1+2(1802 H pulse) + 902 C pulse + t; + 6 + 1802 C pulse + T

On the other hand, it is also important to consider the different values of "J(CH) and
"J(NH) when optimizing the inter-pulse A delays. However, as these values cover the same
ranges (from 0 to 12Hz) for both nucleus, concatenated *C and N periods are not really
needed.

To identify cross-peaks belonging to **C or *°N, data collection must include a differential
setting on the relative phase between the 902 N and **C pulses just before t; (marked ¢; and
&,, respectively in Fig. 4.06). If the phases of the first 902 pulse are the same for both nuclei
(d1=x, $,=x) the signals are acquired with the same amplitude modulation. On the contrary, if
one of these phases is 1802 inverted with respect to the other phase (¢;=x, d,=-x) the signals
of both nuclei will show inverse amplitude modulation. In order to separate the signals for
each nucleus, the acquisition of two complementary spectrums in where the first one is
recorded using ¢,=¢,=x, and the second one using ¢,=x, $,=-X, is required. Then, by addition
and subtraction of these two spectra, two new spectra providing independent *H-"*C and *H-
>N shift correlations are obtained. Additionally, IP and AP data might be also acquired in order
to achieve a/B spin-selected editing. Thus, a four-step acquisition procedure is recommended
to achieve this double nucleus-editing and a/B-editing procedure. Data addition/subtraction in
the time-domain followed by conventional processing yield separate *C/**N doubly-edited
spectra, retaining the maximum sensitivity levels thanks to the Hadamard-type data
combination (Fig. 4.08).

Acquisition Processing
Data A: ©1=x, ®2=x, y=y, e=on  C{IP+)/N[IP+) Spectrum 1: A+B+C+D  Cia)
Data B: @1=x, ®2=-x, y=y, e=on C[IP+)/N(IP-) . Spectrum 2: A+B-C-D C(B]
Data C: ®1=x, ®2=x, w=x, e=off C({AP+)/N{AP+) Spectrum 3: A-B+C-D  N(a]
Data D: ®1=x, ®2=-x, y=x, e=off C(AP+)/N{AP-) Spectrum 4: A-B-C+D N{B]

Figure 4.08. Acquisition and processing protocols followed in time-sharing experiments. Four different data are
collected by setting two different variables: ¢, for nuclei editing purposes and W/ for IPAP editing. These data
are further combined to provide four separate data that are processed in the usual way to yield the
corresponding spin-state selective o/B- spectra.

a) TS-selHSQMBC IPAP

Fig. 4.09 shows a practical example of the TS-sel[HSQMBC-IPAP experiment using 1,7-
phenantroline as a nitrogen containing compound, for the simultaneous measurement of
"J(CH) and "J(NH) of the selected H2 and H8 non-mutually coupled protons.
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Figure 4.09. TS-selHSQMBC-IPAP spectra of 1,7-phenantroline compound after selective inversion of non-
mutually coupled protons H8 and H2. A) IP data where 3¢ and N nuclei present opposite phase, B) IP data
where both *C and N nuclei show the same phase, C) AP data where 3¢ and N nuclei have opposite phase, D)
AP data where both **C and *°N nuclei show the same phase, E) IP data showing only B¢ nucleus, F) IP data
showing only >N nucleus, G) AP data showing only 3C nucleus, H) AP data showing only N nucleus. At the top-
right corner it is shown the a/B- spectra corresponding to 13C nucleus from which the extraction on "J(CH) is
performed. At the bottom-right corner it is shown the a/B- spectra corresponding to N nucleus from which the

extraction on "J(NH) is performed.

b) TS-selHSQMBC-TOCSY IPAP

The TS concept can also be implemented in selHSQMBC-TOCSY pulse sequence in where
more additional information is obtained due to the efficient J(HH) transfer (Fig. 4.10).
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Figure 4.10. Pulse scheme of the time-shared version of the 'H-c-*N selHSQMBC-TOCSY experiment. The
interpulse delays are optimized to A=1/(2-"JXH). IP: W=y, €= on. AP: W= x, £= off. A minimum two-step phase
cycle is needed: ¢,=x,-x, d,=-x,x and ,..=x,-x. Gradients G1, G2 and G3 are used for coherence pathway selection
using echo-antiecho, G5 acts as a zz-filter, G4 and G6 flank the inversion proton pulses to generate pure
refocusing elements, and G7 for ZQ suppression. The ratios between gradients G1:G2:G3:G4:G5:G6:G7 were set
to 80:20.1:8.1:50:17:11:3.

Fig. 4.11 shows the resulting doubly-edited TS-sel[HSQMBC-TOCSY spectra that allow
extend the measurement to all other protons belonging to the same *H spin system as well as
to the sign information. The same procedure as described for the TS-sel[HSQMBC IPAP
experiment has been used.
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Figure 4.11. TS-sel[HSQMBC-TOCSY IPAP experiment in 1,7-phenantroline after selective inversion of non-
mutually coupled protons H8 and H2. Left: a/B- spectra corresponding to the 3C nucleus; Right: o/B- spectra
corresponding to the N nucleus.

187



Appendix One

Combining time-sharing & passive spin effects in selHSQMBC-like experiments

TS-selHSQMBC-like experiments show interest when applied to molecules containing high-
abundant passive spins. For instance, the equivalent TS-selHSQMBC-TOCSY IPAP spectrum on
2-fluoropyridine compound afford an increased number of cross-peaks from which a complete
set of magnitudes and signs of heteronuclear "J(CH), "J(NH), "J(CF), "J(NF) and "J(FH) coupling
constants can be extracted from a single NMR experiment (Fig. 4.12).
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Figure 4.12. TS-sel[HSQMBC-TOCSY IPAP experiment in 2-fluoropyridineafter selective inversion of H4 proton. A)
IP data where **C and *°N nuclei have opposite phase. B) IP data where 3¢ and N nuclei present the same
relative phase. Expanded areas corresponding to the o/B- C) 3¢ and D) BN sub-spectra. The extraction of the
magnitude and the sign of all the coupling constants measured along the detected dimension are shown from the

1D slices at the right of the figure.
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APPENDIX TWO

Towards Pure-Shift NMR

This appendix contains part of the work developed during my PhD that cannot be included in
Results and Discussion section because it will be used for another doctoral thesis from our
research group. Nevertheless, it is presented here as a collaborative work.

It is based on a new homodecoupling technique developed by our research group, denoted as
HOmonuclear Band Selective (HOBS).
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Implementation of the HOmodecoupled Band Selective (HOBS) technique into
the selHSQMBC experiment

Over recent years, a significant interest has emerged to develop homodecoupled *H
NMR spectroscopy techniques that offer increased resolution by simplifying the homonuclear
splitting pattern, and therefore reducing signal overlapping. They are known as pure-shift NMR
techniques’.

There are several methodologies to achieve homodecoupling. Most of these
experiments rely in spatial encoding selection and their reliable applicability strongly depends
on the experimental sensitivity. For this reason, pure-shift experiments have been mainly
reported for homonuclear applications because its implementation into heteronuclear inverse-
detected experiments suffers of important sensitivity success. Using a different concept, a
tilted pseudo-3D HMBC experiment has been proposed to achieve a pure-shift HMBC
experiment with homodecoupling along the detected dimension by incorporating a J-resolved
dimension into the HMBC pulse scheme.

Based on a real-time homodecoupling scheme propose by Zangger et al., our research
group has recently developed a new pure-shift technique denoted as HOmodecoupled Band
Selective (HOBS)? in where homodecoupling is achieved during detection by applying a pair of
hard/semiselective 1802 'H pulses (represented as solid and shaded shapes) at the middle of
2A=AQ/n periods, in which AQ is the acquisition time and n the number of concatenated loops,
A is the duration of gradients and 6 the recovery delay (Fig. 4.13).
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Figure 4.13. Schematic representation of the 1D homodecoupling band-selective (HOBS).

The HOBS method incorporates a number of advantages, such as: a) a good spectral
quality related to the use of selective gradient echoes, b) real-time data collection without
need of additional reconstruction methods that also allows conventional FID data processing
and c) an easy implementation in multidimensional band-selective NMR experiments. On the

! a) AJ. Pell, J. Keeler. J. Magn. Reson. 2007, 189, 293, b) Luy. J. Magn. Reson. 2009, 201,18, c) K. Zangger, H. Sterk. J. Magn.
Reson. 1997, 124, 486, d) N.H. Meyer, K. Zangger. Angew. Chem. Intl. Ed. 2013, 52, 7143, e) M. Nilsson, G.A. Morris, Chem. Comm.
2007, 9, 933, f) J.A. Aguilar, S. Faulkner, M. Nilsson, G.A. Morris. Angew. Chem. Intl. Ed. 2010, 49, 3901, g) G.A. Morris, J.A. Aguilar,
R. Evans, S. Haiber, M. Nilsson. J. Am. Chem. Soc. 2010, 132, 12770, h) J.A. Aguilar, A.A. Colbourne, J. Cassani, M. Nilsson, G.A.
Morris. Angew. Chem. Intl. Ed. 2012, 51, 6460, i) A. Lupulescu, G.L. Olson, L. Frydman. J. Magn. Reson. 2012, 218 , 141, j) J.A.
Aguilar, M. Nilsson, G.A. Morris. Angew. Chem. Intl. Ed. 2011, 50, 9716.

2
L. Castaniar, P. Nolis, A. Virgili, T. Parella. Chem. Eur. J. 2013, 19, 17283.
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contrary important requirements are that i) proton-proton magnetization must be acquired as
in-phase magnetization for a successful homodecoupling and ii) the selective pulse must be
applied on non-mutually J-coupled protons.

For that reasons we thought that the HOBS methodology could be implemented into
pure IP sel[HSQMBC experiments to obtain pure-shift band-selective heteronuclear correlation
spectra, offering a considerable enhancement in terms of resolution and sensitivity® (Fig. 4.14).
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Figure 4.14. Experimental pulse schemes for the HOBS-selHSQMBC experiment. Thin and thick bars represent
broadband 902 and 1802 pulses, respectively, whereas shaped pulses are region-selective 1802 pulses. The
selective 1802 'H pulse applied at the middle of INEPT periods and during detection have the same shape and
duration and we found that REBURP pulses in the order of 3-10 ms provides the best result as a function of the
required selectivity. The INEPT delays are set to 8 Hz. The basic phase cycling is ¢1 = x, -x and ¢(receiver) = x, -x;
all other unlabeled pulses are from the x-axis. Optional heteronuclear decoupling (CPD) during data collection
can also be applied as shown in the scheme. For the measurement of proton-carbon coupling constants, the IPAP
methodology can be applied: two different IP and AP data are recorded without heteronuclear decoupling as a
function of the last 902 and 1802 *C pulses (IP: W=y, € = on; AP: W = x, € = off) and then they are
added/subtracted to afford two separate a/B- subspectra.

We propose a completely new way to measure coupling constants in where all cross-
peaks would appear homodecoupled from other protons resonating outside of the selected
area, only displaying the active "J(CH) splitting. As the acquisition is made in the detected
dimension high levels of spectral resolution can be easily reached and if the multiplet is
resolved enough the extraction can be made by direct analysis of the cross-peak. In cases of
poor resolved cross-peaks the technique is fully compatible with the IPAP methodology.

As the HOBS technique uses band selective pulses to reach an homodecoupled
spectrum, peptides and proteins are good targets for evaluating the efficiency of band-
selective NMR spectroscopy experiments because a set of equivalent spins (amide NH, Ha or

3
L. Castaniar, J. Sauri, P. Nolis, A. Virgili, T. Parella. J. Magn. Reson. 2014, 238, 63.
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aliphatic side-chain protons) appear in well-separated areas, and very importantly, they are
not mutually coupled. An example of the HOBS-sel[HSQMBC experiment using the cyclic
peptide cyclosporine A is presented in Fig. 4.15 in where all the Ha protons have been
selectively inverted.
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Figure 4.15. In-phase HOBS-selHSQMBC spectra of cyclosporine after applying a 5 ms ReBURP 1802 pulse as a
band-selective 1802 H pulse on its Ha proton region. The value of J(CH) for all direct and long-range cross-peaks
can be extracted directly from the analysis of the clean doublet along the detected dimension (see the extracted
value in each individual 1D inset). Note that only the AB spin system (protons resonating at 5.62 and 5.73 ppm)

appears as a double of doublets due to their mutual J(HH).

193






V. CONCLUSIONS






A.
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V. Conclusions

It has been demonstrated that the use of the CLIP technique in sel[HSQMBC-like
experiments...

... offers the possibility to obtain pure IP multiplets exhibiting an extra splitting, so
that the relevant "J(CH) value can be measured directly along the detected
dimension as the difference in frequency between two peaks in resolved
multiplets.

... allows the easy extraction of "J(CH) even in complex and non-resolved cross-
peaks by a fitting analysis.

... avoids the tedious analysis of twisted-phase multiplets and also the uncertainty
on the percentage of unwanted cross-talk related to IPAP experiments

It has been demonstrated that the IPAP methodology...

... Is a powerful technique for the accurate measurement of small heteronuclear
coupling constants.

. can be successfully applied in both selective and broadband HSQMBC and
HMBC- based experiments, providing two equally distorted spin-state selective
multiplets from which "J(CH) can be measured along the F2 dimension, irrespective
of multiplet complexity and phase distortion.

. represents a good alternative tool to extract coupling constants, avoiding

fitting/matching procedures of AP or IP data.
... can be simultaneously implemented together with other editing blocks, such as
J-resolved spectroscopy and/or E.COSY pattern in a single NMR experiment,
facilitating cross-peak analysis and expanding the possibility to obtain additional
information about the magnitude and relative signs of J(HH) and "J(CH)

It has been demonstrated that a TOCSY/COSY block inserted at the end of the pulse
sequence in HSQMBC-like and HMBC-like experiments...

...extends the information into a given spin system via J(HH) transfer, offering thus
an increased number of cross-peaks to be analysed and a complete set of J(CH) to
be measured.

.. offers an excellent versatility to clean overlapped regions and make reliable
measurements in congested areas.

.. offers the possibility to extract coupling values smaller than the line width
because the intensity of a relayed cross-peaks only depends of the initial large
long-range correlation and the efficiency of the TOCSY/COSY transfer.

... preserves the a/B spin-state information of the heteronucleus, allowing the
extraction of the relative sign of the coupling constant by applying the IPAP
technique.

... proves to be a very powerful tool to show up some low-intensity and/or missing
cross-peaks
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D. It has been shown that the presence of a high-abundant passive spin in sel[HSQMBC-
like experiments...

i ... offers the possibility to simultaneously measure both the magnitude and the
relative sign of different coupling constants thanks to the E.COSY patter generated
along the indirect dimension.

E. It has been shown that the concept of Time-Shared NMR experiments...

i ... can be successfully implemented in selHSQMBC-like experiments, allowing the
simultaneously measurement of different coupling constants

ii. ... can be applied on compounds having high-abundant passive spins, extending
even more the possibility to simultaneously measure both the magnitude and the
sign of a complete set of homo- and heteronuclear coupling constants.

F. It has been shown that the homodecoupling HOBS technique...

i ... can be successfully implemented into sel[HSQMBC experiment, offering a
completely new way to measure heteronuclear coupling constants from simplified
pure-shift multiplet patterns

ii. ... is able to retain the maximum sensitivity and offers enhanced resolution.

G. It has been demonstrated that the use of *C Boltzmann polarization as initial
polarization transfer instead of the conventional INEPT transfer in F1-coupled HSQC
related experiments...

i ... allows observe the central lines of a diastereotopic CH, multiplet, which appear
now resolved along the indirect dimension of a 2D spectrum, faciliting the
measurement of the sign and the magnitude of J(CH) and 2J(HH) coupling
constants. In addition, J(CH) values for CH and CH; multiplets are also measured.
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Pulse Programs and Data Set Examples

PULSE PROGRAMS
AND DATA SET EXAMPLES

In the following link you can find Data Set Examples of each Publication presented in the Thesis
Work, as well as the corresponding Pulse Program Code for Bruker.

A png file with'H NMR and ®*C NMR assignments for Strychnine and 2-Fluoropyridine

compounds is also available.

http://sermn.uab.cat/2014/04/josepsauri-phdthesis
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