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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

3/2
VeXCVdet

Equation 1

where ye and yge: Stands for 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 are compared for 'H correlation experiments with 3p, B¢ 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 INEPT3 (Insensitive
Nuclei Enhanced by Polarization Transfer) pulse train (Fig. 1.02).

| A2 | A2

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:

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

Then, during the evolution A/2 delay (A=1/(2-)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

21mJ A
-l, ————— -l,cos(mJA)+2L,S,sin(TTJA)

QA
A, ———  -lcos(QA) + L,sin(QA)

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

-l,cos(1J,A)+21,S,sin(mJ A) -l,cos(QA)+sin(QA)
1180; J18OJ
+|,.cos(1mJ A)+21.S sin(Td A) +1,cos(QA)+lsin(QA)

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

+|,cos(1md A)+21.S sin(d,A) +|,cos(QA)+sin(QA)
l180f J1805
+,cos(mJgA)-21,S,sin(Tmd sA) +1,cos(QA)+,sin(QA)

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 +] cos(QA)cos(QA) - |,cos(QA)sin(QA)
QA)

*1,005(QA)*Sin(QA) " +1sin(QA)cos(QA) - Lsin(QA)sin(QA)

+|yCOSQ(QIA) - Iysinz(QlA)
‘ cos’ + sin’0 = 1

y

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,.

B L A +|,cos(mJ,A)cos(1d,A)
. m - 21.S,cos(mmd,A)sin(Td A
+|,cos(1md,A)-21,S,sin(1d A) — -21'S sin (1(1 J|SZ)<)3 5 s((n J:A))

- I,sin(tmJ A)sin(Td A)

\

+|y[COSZ('ITJ,SA)-Sinz('ITJ,SA)] - 21.S,[2cos(T1d,A)sin(TTd A)]

‘ cos2(B)= cos’0 - sin’g
sin2(B)= 2cosBsind

+l,cos(21mJ,A) - 21,S,sin(211J,A)

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

90,
+1,008(2TMJA) - 21 SIN2TMIA) —— =  +1,c08(211J,sA)-21,S,sin(211J,(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,.

S

90, :
+1,c08(2MJ,A)-21,S sin(2mJA) — —,  +1,eos(2mIsA)-21.S sin(21md,cA)

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 Bg field is created in such a way that the
magnetization is dephased. This spatially dependent phase created is given by

d(r,7)= ng(r)TJijyj
Equation 2

where s is a shape factor, B, 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).

@ Dephasing

PFG

() i

Refocusing @

PFG

—_—

)
g OUh
)

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 I', respectively

> T. Parella. Magn. Reson. Chem. 1998, 36, 467.
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+ .
=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:

e Single quantum coherences have p = 1.
e Double quantum coherences have p = +2.

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

90°
\\ ’A /\ A I v
\ ,' \\ [\ \\\ /\\ \ !\(/\ }W A A Iy
VY Y o
p=+1 ............. O'."'ll....--l..-.-l....-ll
4
p= ﬁ

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:

Q
1P t IPcos(pQyt) - IPsin(pQyt)

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

e mJdt

2iI'S,

I*cos(trdt) - 2il’S, sin(TrJt)
™t 2i1'S, cos(mmdt) - I'sin(rmJt)




I. Introduction

The initial 902 pulse only creates SQ coherence with p = +1 (Fig. 1.04).

90,

X

|, ——— -l =i/2(I°- )

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:

>sGT(Zpyyy) = 0
i=1 j e

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

éGi(%pinij) =0
Equation 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° . 180°

G ~ G,
z G1 ‘ é1'0.5

-G1*0.5

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.
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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 A2
|
Gz LN [N\
G1 G2

e For inversion purposes when a 1802 pulse inverts magnetization from |, 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°

GZ%

-G1

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.

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 artefacts.

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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1 13

Figure 1.05. Basic 'H-">C-HSQC pulse sequence and its coherence level diagram below. A=1/(2-'J(CH)). ®1= X,-X. ®,ec= 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 3C. 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
|, ———— +1,cos(21mJ,A)-21,S 8in(211J,6A)

Then, the heteronuclear magnetization freely evolves during the t; period being
frequency-labelled 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,S,and 21,S, (point e):

) t -21,S,cos(Q.t,)sin(21mJ,A)
+| cos(2mJ,A)-21, S sin(2md ) —— 4218 Sin(O. )sin(2md.A)
2K st IS

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

12
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Finally, a refocused INEPT (R-INEPT) converts the AP 2I,S, term into IP proton
magnetization (l;) while the other AP 2I,S, term is converted into 2I,S, MQ coherence that is
not observed (point g):

-21,S cos(Q.t,)sin(2mJA) R-INEPT | cos(Q.t,)sin(21J A)sin(211d (A,)
+21,S sin(Q.t,)sin(2mJ A) +21,S sin(Q.t,)sin(2mJ,A)

The experiment requires a basic two-step phase cycle to remove unwanted
magnetization from protons attached to *2C. By inverting the phase of the ®; pulse in alternate
acquisitions, the *J(*3C-H) satellite lines are inverted while the *J(*2C-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 1J(lZC—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-">C-HSQC pulse sequence using the Echo/Anti-echo method. A=1/(2-'J(CH)). ®:= X,-X. ®rec= 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).

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

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.

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,:

S(t1 ’tZ)antiecho= Vexp(IQst‘l)eXp(letZ)
Equation 7

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

S(t1 7t2)echo= Yexp(-let1 )exp(IQstZ)
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 =vy/ys

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

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.
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I. Introduction

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.

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:

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 - B 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.

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

11

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. Wiitrich. J. Magn. Reson. 1989, 85, 608.
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1. Fundamental aspects

iv. 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).

y PEP

A2 § A2
h i

[

be) :\ quec
. f\f\f\w'(\\
ANl P“\J’\J\f\\/\M/‘\f\MM

J
[T

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-'J(CH)) for all multiplicities. ®;= X,-X. ®rec= 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 2I,S, 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,c08(Qt,)sin(2mJ,A)  R-INEPT | cos(Q.t,)sin(211J,A)sin(21mJ A, )
+21,S,sin(Q,t,)sin(211d,sA) +21,S,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 [,, which is
transferred to the z-axis as |, magnetization, while the 21,S, MQ term is converted into
anti-phase 21,S, magnetization (h point):

l,cos(Q.t,)sin(2mJA)sin(r2J A,) - 90, , 90,° l,cos(Q.t,)sin(21mJ A)sin(21J (A,)
. . —
+21,S sin(Q.t,)sin(21J,A) +21,S,sin(Q.t,)sin(21J,A)

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:

l,cos(Qt,)sin(2mdA)sin(2TmdA,) A2 - 180,°- A/2 | cos(Q.t,)sin(21mJ,A)sin(2Trd A,)
+21,S,sin(Q t,)sin(211d ) - +| cos(Q.t,)sin*(21J,AA)

1
3 a) L. E. Kay, P. Keifer, T. Saarinen. J. Am. Chem. Soc. 1992, 114, 10663. b) J. Schleucher, M. Schwendinger, M. Satller, P. Schmidt,
O. Schedletzky, S. J. Glaser, O. W. Sorensen, C. Griesinger. J. Biomol. NMR, 1994, 4, 301.
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Finally, a 902 H pulse applied from x-axis put the I, term along the transverse plane as
I, magnetization (j point):

l,cos(Q.t,)sin(211d,;A)sin(211d (A, ) 90, l,cos(Qt,)sin(21J A)sin(211J,A,)
+| cos(Qt,)sin*(21J,A) +|. cos(Q.t,)sin’(21J (A)

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.

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 *C 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:

21,S,sin(21mJ A)cos(Qst,)

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,S,sin(21J A)cos(Qt,)cos(2mJA) + |,sin’*(2J A)cos(Qst,)

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,S sin(2md,sA)cos(Qst,)cos(21J,A) + I sin®(211J JA)cos(Qgt,)

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.
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1. Fundamental aspects

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.

'J(C4H4)
J(C17H17)

'J(C11H11a) . J\
e L R

'J(C4H4)
U(C1THI7) “- /'

N | e T
A) JLMMJL

8.5 8.0 ppm

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).

1
> A. Enthart, J. C. Freudenberger, J. Furrer, H. Kessler, B. Luy. J. Magn. Reson. 2008, 192, 314.
16
A. Bax and 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-">C-HMQC pulse sequence. A=1/(2-'J(CH)). ®1= x,-X. ®,ec= 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.

A

|, —— 21.S,
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.

90,° Qdt, _
28, ——— 218, — 5 -2S,c08(Q:t) + 218 ,sin(Qt)

Xz |

X

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.

S

90,
218 cos(Qut,) + 21,S,sin(Qct) —— -21,8,008(Qst}) —2 -Lcos(Qut,)

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
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1. Fundamental aspects

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).

CPD

Figure 1.10. 'H-">C-HMQC pulse sequence using the Echo/Anti-echo method. A=1/(2-'J(CH)), ®1= X,-X. ®yec= 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

® 35X
|
3(H)
F1,F2- coupled F1- coupled F2- coupled
e o °®
- 3(X) - 5(X) ® O [3X)
e o )
T T T
/ 8(H) \ a) 5(H) b))
E.COSY-like TROSY-like F1- IPAP F2- IPAP
° ) ) )
. = 3(X) - 5(X) 3(X) ® F6(X)
°®
FO(X Fo(X FO(X ® dX
° e o | ™ ° e X)
c)|C) an C,)  5H) 5(H) 8(H) C)  &H)

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 o/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, o- and pB-,
respectively. The coupling constant value can be easily extracted by analyzing
their relative displacements (Fig.1.12).

+242 :
1 IP+AP
DAVANE é
in-phase a
+242
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IP-AP
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B
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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 labelled 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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photonuclear 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)

< NN Y

DU T

1ZC_ 12C 1ZC_ 12C

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.
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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. Oye= 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.
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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.

y &, by
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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) Overlapped 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)

adiabatic
chirp pulse
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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.

C) . e A
B) =
H16
i H15a H155

A)

[ T T T | T I
4.0 3.5 3.0 25 2.0 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 proton-carbon 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 2I,S,
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
qualitative 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(21md¢,A)

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

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)

allows to obtain correlations between protons and both protonated and non-protonated
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).

1H 1H 1H 1H
e
12C_12C®12C_12C_12C

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). However, 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 distorted 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).
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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 appear 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.

2JC12HI1IJ
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Ll \ \\,"’
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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 have 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).

BIRD* BIRD’

X X

A2 | A2 A2 @ A2
al I

13C 13C

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 refocus 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).

BIRD’

| spin unbound Iz > 'Iz
to S spin 'lv — |Y
. Iz - Iz
| spin bound
to S spin 'ly =" |Y
21.S, — 21.S,

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)).
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Figure 1.26. "H-"C HSQMBC-BIRD experiment. A=1/(2"J(CH)). ®;= X,-X. Dec= 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 1t 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.
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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 A2 B A2 A2 B A2 s
H | | _
R LXS |
aib ciid BV
G, e f  gth
z in Ja¥aY O HaYa) A ind
G5 G5G3 G4G6 G6 G2
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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
beginning of the pulse sequence (a point in Fig. 1.30) until the G1 encoding gradient is

4 S. Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2010, 207, 312.
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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.

S
, INEPT Ot 907 o1 s sin@mdeh)cos(Qut,) + 21,8 sin(21J,A)sin(Qst,)

4

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

IP data: w=y, €=on

(21,S,is MQ coherence and
is not detected in the FID)

-21,8,sin(21mJ,A)cos(Qst,) + 21,S,sin(2mJ A)sin(Qut,) |

21,8 sin(2mJA)cos(Qyt) 90, (W=Y)
+2iSsin2mlA)sinQt)

21 A
2B o1 S sin(2mJeA)cos(Qut,)cos(TTA) - |sin(2TmdA)cos(Qat,)sin(TTJeA)

|
&» -21.5,sin(2mJ sA)cos(Qgt,)cos(md,A) +1,sin(211d A)cos(Qst,)sin(Trd A)

180,° (¢=on) _ _ ,
—— +21,S;sin(2mdA)cos(Qst)cos(rdA) + I sin(2mmd A)cos(Qst,)sin(md A)

+ 21.S,sin(2mJ A)cos(Qgt,)cos(md A)cos(TTd A)
+ |, sin(21J,sA)cos(Qst,)cos(1rd A)sin(1rd A)

+ | sin(21mJ ;A)cos(Qt, )sin(rd sA)cos(1d A)

- 21,S,sin(2md,sA)cos(Qgt,)sin(Tmd A)sin(Tmd A)

21md A
’ —

+ 21,8 [SIN(211J, A)cos(Q.t ) [cos2 (T JA)-sin(md A)]  C034(0)= cos0-sin®

t -
+ | sin[(211J,sA)cos(Qgt,)]-[2sin(TTd sA)cos(T1,sA)] sin2(0)= 2c0s8sind

+ 21,8 [sin(21mJ,A)cos(Qet ) cos(2mI A)] 90, + 21,8 [sin(21md,A)cos(Qet,)]-[cos(2T1,sA)]
+ Isin[(2mJ,A)cos(Qqt, ) [sin(21J,A)] + Lsin’2mdoA)cos(Qut)

42
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

(21,S,is MQ coherence and
is not detected in the FID)

| -
21,8 sin(2mJ A)cos(Qety) 20 (W7X)

218 sin@ml A)sin(Qet,) T -21,S,sin(21mJsA)cos(Qt,) +\ 2Inysm(21TJISA)S|n(QSt1)\

21, A

-21,S,sin(2mmJ sA)cos(Qst,)cos(mdA) + 1,sin(211d,A)cos(Qgt,)sin(Trd A)

180,
— +2|,S;s5in(2mJ,A)cos(Qgty)cos(mdA) + |sin(211d A)cos(Qst,)sin(11d,A)

A + 21,S sin(21J ;A)cos(Qst, )cos(d,A)cos (11 A)
Is - |,sin(2mJ sA)cos(Qgt,)cos(md A)sin(TTd sA)
T +1sin(2mJ A)cos(Qut )sin(TA)cos(T A)  —_
+ 21,S,sin(21J,sA)cos(Qst,)sin(1rd,A)sin(Td,A)

cos’0 + sin’® = 1
+ 21,S,[sin(211J sA)cos(Qst, )] [cOoS* (T A)+SIN* (T A)]  mmi—

90!
+218,sin(2mJA)cos(Qut) —— [+ 21,8 sin(2mJA)cos(Qyt,)

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:

o (IP+AP): [l ,sin(2md,A)+21S ] [sin(21J A)cos(Qst, )]
B (IP-AP): [l,sin(2mJ,A)-21,S,] [sin(21J,sA)cos(Qqt,)]

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: + 1,sin*(21mJ (A)cos(Qst,)cos’*(TrMJ,A)
AP: + 2| S sin(21J sA)cos(Qst,)cos*(TrMJ,A)

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:

%cross-talk = [sin(21J,;A)-1]/[sin(211J A)+1]

Equation 11

As an example, if the A delay is optimized to 6 Hz with a J;s = 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))=2A,+2A,+24;; where A,=1/(8"J(CH)), A,=A,-A; 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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I. Introduction

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.
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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,-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
reduced spectral widths and the relatively long acquisition time needed to reach high levels of
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2.  Measurement of "J(CH)

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 sel[HSQMBC (Publication 1) selHSQMBC-TOCSY IPAP (Publication 2)

J(HH) modulation in HSQMBC

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

P.E.HSQMBC (Publication 6) U&D and L&R Techniques (Publication 4)

J-selHSQMBC IPAP (Publication 7)

Simultaneous
measurement
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 structural elucidation and confor-
mational analysis of organic molecules' has been paralleled by
the development of many different pulse sequences for their
measurement in small molecules at natural abundance.” One
of the major problems encountered by those who want to
apply these couplings in organic chemistry is the analysis of
the resulting signals. The methodology used depends on
whether the carbon involved in the coupling is protonated or
non-protonated. For protonated carbons, sequences that start
with an HSQC step to separate proton signals showing the o
and the p state of the attached carbon, followed by a TOCSY
element to propagate the magnetization to the protons of the
same spin system, represent the preferred solution, and NMR
experiments such as HECADE® or a/B-HSQC-TOCSY" are widely
used. These experiments provide 2D spectra where accurate
values of the magnitude and sign of the proton-carbon coup-
lings can be easily measured from signal displacement along
the F2-dimension of higher resolution.

In contrast, when the carbon is non-protonated or when
magnetization transfer via TOCSY is not possible because of a
vanishingly small proton-proton coupling constant, this type
of sequence cannot be applied and a variety of solutions based
on HSQMBC® or HMBC® schemes with interpulse delays
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08193-Bellaterra, Barcelona, Spain

bCentro de Investigacion Lilly S.A., Avda. de la Industria 30, 28108-Alcobendas,
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Tel: +34 91 6633435

TElcctronic supplementary information (ESI) available. Sce DOI: 10.1039/
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that show an additional splitting arising from the proton-carbon coupling. In cases of unresolved peaks,
a simple fitting analysis using the internal satellite lines as a reference is performed. Addition of a spin-
lock period results in a CLIP-HSQMBC-TOCSY experiment that is suitable for the measurement of very
small coupling values or to observe correlations from overlapped resonances.

optimized to long-range proton-carbon couplings have been
developed. In these experiments, the measurement of the
coupling constants along the detected F2 dimension is not
simple due (o the anti-phase character of the heleronuclear
coupling that may lead to partial or complete cancellation
of peaks, complicating the analysis especially for complex
multiplets. In addition, evolution of homonuclear coupling
constants causes additional phase distortions in the final
multiples. Although some solutions have been proposed such
as the use of CPMG pulse trains to “decouple” the homonuclear
couplings’ a complete suppression of signal distortion is not
always achieved. Alternatively, the heteronuclear couplings
can be determined via J-resolved spectroscopy, although the
couplings are measured with less precision due to the lower
resolution along the indirect F1 dimension.®

Organic chemists routinely measure proton-proton coup-
ling constants as the difference in frequency between the rele-
vant peaks within a multiplet in conventional 'H spectra. The
proton—carbon coupling constants can be also measured in
terms of peak separation in **C-labeled compounds in which
protons coupled to the *C-nucleus exhibit an extra splitting.
These multiplets showing a proton-carbon coupling are also
present in 'H spectra of unlabeled molecules, arising from the
B3C-isotopomer that accounts for 1.1% of the total compound;
however, the signals are very weak and they are obscured by
the strong signals of the '>C-isotopomer. Only the "*C-satellites
of protons attached to a *C-nucleus may be visible because
they appear well separated from the major '>C-isotopomer
signals, but they merely provide one-bond proton-carbon
couplings.

Here we report a 2D-NMR sequence based on the HSQMBC
experiment (Fig. 1) that allows the clean observation of the
13C-isotopomer signals without the interference of the **C-iso-
topomer signals. In contrast to the conventional HSQMBC, the

Org. Biomol. Chem., 2013, 11, 4473-4478 | 4473
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Fig. 1 Pulse scheme for the CLIP-HSQMBC experiment. Narrow and wide rec-
tangular bars represent 90° and 180° pulses. A "H-selective 180° pulse marked
as a shaped bar is applied in the middle of the INEPT blocks (4" = 1/(2"J(CH)) =
A + p180 where p180 is the duration of the selective 180° "H pulse) and 'H data
are acquired without ">C decoupling. All pulses have phase x, unless otherwise
noted. A minimum two-step phase cycle is applied: ¢, = x, —x and ¢, = x, —x.
Gradients G1 and G2 are used for coherence selection using the echo-antiecho
protocol, G4 acts as a zz-filter, and G3 and G5 flank the inversion proton pulses
to generate pure refocusing elements. § stands for the duration of the pulsed-
field gradient and the corresponding recovery delay.

heteronuclear and the homonuclear couplings exhibit pure in-
phase character and therefore the proton-carbon coupling can
be easily measured in terms of peak separation in the same
manner as proton—-proton couplings are measured.

Results and discussion

The new 2D pulse sequence is a proton-selective HSQMBC
experiment with the hard 180° proton pulses in the INEPT
periods replaced with selective 180° pulses to completely elimi-
nate homonuclear coupling modulation and avoid signal dis-
tortion.” The removal of homonuclear coupling modulation is
crucial to assure pure absorptive lineshapes from which accu-
rate couplings can be determined. These principles were first
applied in a 1D doubly-selective experiment that included
selective shaped-pulses on both proton and carbon resonances
for determination of the heteronuclear coupling constant for a
specific proton-carbon pair.'® The second key point of the
pulse sequence is the application of a 90° carbon pulse before
acquisition to convert residual antiphase 21,5, components to
non-observable 21§, multiple-quantum coherences. The
experiment leads to full in-phase multiplets in the form of
Lsin’(n"Jcud’) that are acquired without carbon decoupling.
The selection of a 90° carbon pulse as a purge element was
based on the comparative analysis performed by Luy and co-
workers,'* who examined three different modifications of the
HSQC experiment for antiphase removal and concluded that
the best clean in-phase spectra were obtained when a 90°
carbon pulse was applied prior to detection. This approach
was first proposed by Sorensen and coworkers in DEPT+
experiments.'? In analogy to the CLIP-HSQC experiment deve-
loped by Luy and coworkers for the measurement of one-bond
heteronuclear couplings from pure absorptive spectra, we have
denoted this pulse sequence as CLIP-HSQMBC, where the

4474 | Org. Biomol. Chem., 2013, 11, 4473-4478
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Fig. 2 Molecular structure of strychnine (1).
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Fig. 3 2D CLIP-HSQMBC spectrum of 1 after selective pulsing on H20b with a
20 ms Gaussian-shaped 180° "H pulse. The inter-pulse A’ delay was optimized
t0 62.5 ms (corresponding to "J(CH) = 8 Hz).

term CLIP refers to CLean IN-Phase multiplets and HSQMBC
stands for Heteronuclear Single Quantum Multiple Bond
Correlation (HSQMBC) as in the original sequence.

The pulse sequence was tested for strychnine (1, Fig. 2).
The 'H-selective HSQMBC spectrum corresponding to the
H20b proton is shown in Fig. 3 along with the corresponding
expansions. All expected two-bond and three-bond correlation
signals appear at the H20b frequency in the F2-dimension and
at different carbon frequencies in the Fil-dimension. Each
signal corresponds to a >C isotopomer in which the *C
nucleus is located at a different position on the molecule and
it is long-range coupled to H20b. As depicted in the graphical
abstract, these peaks are not directly visible in the convention-
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 CLIP-HSQMBC
cross-peak, from which the proton-carbon coupling value can
be easily extracted from signal splitting.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Measurement of several H20b-Cx coupling constants as a function of
the experiment optimization (in bold) when a purge 90° carbon pulse prior to
acquisition is used. Note that all measurements present an experimental devi-
ation of <0.2 Hz, independently of experiment optimization.

In the original CLIP-HSQC sequence the experimental one-
bond proton-carbon coupling constants deviate from the
nominal coupling constants to which the INEPT delays
are adjusted by approximately up to 20-30% and therefore the
signal only contained a relatively small contribution of the
antiphase component. However, removal of the antiphase
term is more demanding in HSQMBC experiments where a sig-
nificant deviation between the smallest nominal coupling and
the actual value may exist. Thus, we investigated as to whether
the 90° carbon pulse was capable to eliminate undesired anti-
phase terms for a set of INEPT delays optimized to a range of
coupling constants (Fig. 4). The signals were compared with
those obtained with a similar pulse sequence that lacked the
additional carbon pulse (Fig. 5). It can be noted that, when the
purge 90° carbon pulse was applied, the absorptive in-phase
character of the signals was preserved for all the delays and
the value of the coupling constant was practically not affected.
In contrast, the signals obtained with the sequence without
the 90° carbon pulse exhibited dispersive antiphase distortions
that often precluded an accurate and precise measurement of
the heteronuclear coupling constant. Thus, a perfect match
between "J(CH) and the delay is not critical and a wide range
of J values can be measured in a single experiment. The
sin’(n/cud) dependence of the signal intensity with the delay
optimization can be noted and the strongest intensity is

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Measurement of several H20b-Cx coupling constants as a function of
the experiment optimization (in bold) when a purge 90° carbon pulse prior to
acquisition is not used. Note the important errors introduced in all measure-
ments when compared with Fig. 4.

obtained when the INEPT inter-pulse delay is optimized to a
value close to the experimental coupling constant.

In the case of more complex multiplets, a direct measure-
ment of the "J(CH) in the conventional HSQMBC experiment is
usually not recommended due to the anti-phase character of
the heteronuclear couplings that may result in partial or full
cancellation of peaks and shifted peak maxima. In contrast, a
CLIP-HSQMBC cross-peak presents a pure in-phase pattern
and if the outer peaks of a multiplet are well resolved, the
proton-carbon couplings can be measured in terms of peak
separation irrespective of the complexity of the multiplet. In a
complex multiplet, identification of two peaks whose differ-
ence in frequency corresponds to the proton-carbon 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 value to
the equivalent separation in the "H spectrum. As the procedure
involves peak maxima, the differences in line width between
the HSQMBC and the 'H signals do not affect the accuracy of
the measurement as long as the outer peaks are well defined.
The simplicity of the procedure is shown for H13, which is
coupled to three protons and appears as an apparent doublet
of triplets (¥/ = 16.8 Hz) in the 'H spectrum (Fig. 6). The signal
becomes more complex in the CLIP-HSQMBC spectra acquired
with a selective 180° proton pulse on H13 owing to the
additional splitting caused by the extra proton-carbon

Org. Biomol. Chem., 2013, 11, 4473-4478 | 4475
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Fig. 6 Measurement of proton—carbon coupling constants in terms of peak
separation in the 8 Hz optimized CLIP-HSQMBC spectrum after selective refocus-
ing of the H13 proton with a 20 ms Gaussian-shaped 180° "H pulse. The 1D
expansions are not scaled.

coupling. Despite the complexity of the multiplets, proton-
carbon coupling constants in the range 3-8 Hz were easily
measured by outer peak separation as shown in Fig. 6.

The proposed experiment is a proton selective 2D scheme
and therefore several experiments would be needed for a
complete determination of all the heteronuclear coupling con-
stants of a molecule. However, the measurement of heteronuc-
lear coupling constants from multiple protons can be achieved
with only one experiment using band-selective or multiple-fre-
quency selective pulses for simultaneous excitation of several
protons under the condition that mutually coupled protons
are not excited. As an example, Fig. 7 shows the CLIP-HSQMBC
spectrum in which H15a and H12 were simultaneously excited
using a doubly-selective 180° proton pulse and the coupling
constants of these two protons and their coupled carbons were
measured in a single experiment.

When the signals are broad and the outer peaks of the
multiplets are not resolved, the measurement of the coupling
constants cannot be achieved from peak separation and a
simple fitting procedure is required. This approach has been
traditionally performed for HSQMBC- and HMBC-based experi-
ments. The original procedure involves a template signal for
the proton under analysis, which can be taken from the con-
ventional "H or the one-bond HSQC spectra, and summed to
an identical but inverted signal, shifted by a trial coupling con-
stant, until a match with the experimental signal is achieved.

4476 | Org. Biomol. Chem., 2013, 11, 4473-4478
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excitation on H12 and H15a protons using a Gaussian-shaped shifted laminar
pulse of 20 ms. The 1D expansions are not scaled.
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Fig. 8 (A) 8 Hz optimized 2D CLIP-HSQMBC spectrum after selective refocusing
of the broad olefinic H22 proton of 1 using a 20 ms Gaussian-shaped pulse;
(B) fitting procedure based on the left/right displacement of the low-field
in-phase component of the internal 'Jc direct response; (C) perfect matching
achieved between the simulated multiplet obtained in B with the experimental
cross-peak corresponding to the H22-C20 correlation.

In our case, the fitting procedure is easier because pure in-
phase multiplets are targeted. A similar procedure was
described for the extraction of "J(CH) in a coupled/decoupled
HSQC-TOCSY experiment,”® where an external reference from
a second experiment was needed. Here we propose to use the
satellite cross-peak as an internal “decoupled” reference. As an
example, this protocol is illustrated for the measurement of
coupling constants involving the olefinic H22 proton (Fig. 8).
Its proton resonance appears as a broad triplet in the 'H
spectrum and the additional splitting due to "J(CH) resulted in
a somewhat broad signal in the CLIP-HSQMBC cross-peaks. In
this case direct measurement in terms of peak separation is
not possible and the satellite lines were used for the fitting
procedure. Experimentally this is easily done by shifting left/
right this satellite component and the excellent in-phase

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 Pulse scheme for the 2D CLIP-HSQMBC-TOCSY experiment. A z-filtered
DIPSI-2 pulse train is used for the TOCSY mixing transfer with an overall duration
of z.,. All other experimental conditions as described in Fig. 1.

properties of multiplets ensure a perfect matching between
the simulated and experimental cross-peaks.

Another important drawback of conventional HMBC and
HSQMBC experiments is that the sine dependence of cross-
peak intensities and their anti-phase nature usually preclude
the observation of cross-peaks when the proton-carbon coup-
ling is small. The HSQMBC experiment can be combined with
a TOCSY period to extend the measurement in areas where
selective excitation is not feasible and to efficiently measure
very small J values.* Similarly, we propose to append a TOCSY
element to the CLIP-HSQMBC experiment for an effective mag-
netization transfer to other protons of the same spin system
and additional pure in-phase multiplets for other protons of
the *C-isotopomer would be detected. These cross-peaks are
not obtained through a direct proton-carbon magnetization
transfer, however they are accessible via a two-step procedure
that relies on a sequential "J(CH) + J(HH) transfer mechanism
in which the initial proton exhibits a larger coupling constant
to the specific *C nucleus. Thus, from this CLIP-HSQMBC-
TOCSY experiment (Fig. 9) it is possible to obtain cross-peaks
showing small J values because the intensities of relayed cross-
peaks depend on the original proton-carbon coupling.

Fig. 10 shows an extremely challenging measurement
obtained from the CLIP-HSQMBC-TOCSY spectrum after selec-
tion of the abovementioned olefinic H22 proton. Additional
cross-peaks 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 C14-H23a and C14-H23b cross-peaks showed the
same multiple pattern as in the 'H spectrum (Fig. 10B) but a
closer look at the cross-peak suggested a slightly broader line
width for the H23b proton. Fitting analysis using the satellite
lines as a template (Fig. 10C) and further matching with the
experimental multiplet (Fig. 10D) yielded a J value of 0.8 Hz
which is in strong agreement with the value obtained with
other methods. Following the same procedure, the H23a-C14
coupling value is <0.2 Hz (expansions not shown).

Materials and methods

The NMR experiments were recorded with a sample of 0.1 M of
strychnine (1) in CDCl; on a Bruker Avance 500 instrument
equipped with an inverse TCI cryo-probe incorporating a

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 2D CLIP-HSQMBC-TOCSY spectrum after selective excitation of the H22
proton. The experiment was optimized to 8 Hz and TOCSY mixing time was set
to 40 ms. All other experimental conditions as described in Fig. 8. In (D) it is
shown the perfect matching between the simulated (obtained from the fitting
of the satellite lines of the relayed H23b proton; see (C)) and the experimental
multiplet (see B) allows the measurement of the small 0.8 Hz coupling.

z-gradient coil at 25 °C. Data were acquired and processed
using the TOPSPIN software package. The pulse schemes for
CLIP-HSQMBC and CLIP-HSQMBC-TOCSY are shown in Fig. 1
and 9 respectively. Sine bell-shaped gradients of 1 ms were
used, followed by a recovery delay of 200 ps. The proportional-
ity between gradient strengths for G1:G2:G3:G4: G5 shows
the 80:20.1:33:50:17 ratio. Gradient strengths are given as
percentages of the absolute gradient strength of approximately
53.5 G cm™ ', Adiabatic CHIRP shapes with a sweep width of
60 kHz are used for inversion (0.5 ms) and refocusing (2 ms)
180° carbon pulses. The acquisition times ¢, and ¢; were 1.02 s
(spectral width 2000 Hz, 4k complex data points) and 4 ms
(spectral width 16 000 Hz, 128 real data points) respectively.
The relaxation delay was 1 s and 2 scans were accumulated per
t, increment. Zero filling to 1024 points in F1, 8096 points in
F2 and sinc-squarcd window function in both F1 and F2
dimensions were applied before Fourier transformation of 2D
data. CLIP-HSQMBC-TOCSY spectra were recorded and pro-
cessed exactly under the same conditions using 4 scans per ¢;
increment. A zero-quantum filter consisting of a CHIRP-
shaped 'H pulse (30 ms) applied simultaneously with a
G6 gradient (3%) is incorporated into the TOCSY element to
remove unwanted antiphase contributions."’

Conclusions
In summary, we have developed a new 2D experiment referred

to as CLIP-HSQMBC for the easy measurement of long-range
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proton-carbon coupling constants. The resulting pure in-
phase multiplets exhibit an extra splitting and the proton-
carbon coupling can be measured along the detected dimen-
sion as the difference in frequency between two peaks in the
same natural way as the proton-proton couplings are deter-
mined. We show that the measurement in terms of peak separ-
ation is also possible even for complex multiplets. The method
ensures good accuracy, reproducibility and resolution as the
measurement is made in the direct dimension. In the case of
unresolved signals the coupling constants are determined
through a fitting procedure that uses the satellite line as an
internal reference. Finally, it has been shown that a related
CLIP-HSQMBC-TOCSY experiment opens the door for deter-
mining very small coupling constants and to observe corre-
lations from overlapped protons where selective excitation
cannot be feasible. The proposed method avoids the tedious
analysis of twisted-phase multiplets associated with traditional
experiments and also the uncertainty on the percentage of
unwanted cross-talk in IPAP experiments.**
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I1l.  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 sel[HSQMBC-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.

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).
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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

See section 2.2.1.3 of this thesis work
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A Definitive NMR Solution for a Simple and A ccurate Measurement of
the Magnitude and the Sign of Small Heteronuclear Coupling
Constants on Protonated and Non-Protonated Carbon Atoms**

Josep Sauri, Juan Félix Espinosa, and Teodor Parella*

For many years the practical use and measurement of long-
range proton—carbon coupling constants ("J(CH); n>1) in
natural abundant molecules have been a timely topic in NMR
spectroscopy and there are still a number of unresolved issues
in this area.' There have always been doubts about the
correct choice of the best NMR method to be used and many
discussions have focused on the accuracy, reliability, and
simplicity of the data analysis and determination of the
"J(CH) coupling constant. Despite the extensive number of
NMR techniques that have been developed, there are still two
unsolved experimental problems pertaining basically to non-
protonated carbon atoms, namely, a) an accurate measure-
ment of very small coupling constants (less than 2-3 Hz) and
b) the absence of a general and robust approach to determine
the sign of the coupling constant. Widely used pulse
sequences like o/f-HSQC-TOCSY,”? HETLOC!® or
HECADEY that consist of a dual-step HSQC-type
block followed by a TOCSY transfer ('J(CH)+J(HH),
Scheme 1A) provide the magnitude and the sign of "Jey
coupling constants irrespective of their values (0-10 Hz) but
only for protonated carbons. On the other hand, long-range
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\  J(CH) \
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Scheme 1. The pathway transfer mechanisms involved in A) HSQC-
TOCSY, B) HSQMBC, and C) HSQMBC-TOCSY experiments dedicated
to the measurement of "/,
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correlation schemes such as HSQMBC,®) EXSIDE, or J-
HMBC!" experiments based on a direct "J(CH) transfer
(Scheme 1B), typically fail to measure very small coupling
constants (0-3 Hz) as well as they do not provide information
about the sign.

We show here that all these drawbacks can be solved by
a slightly modified HSQC-TOCSY method in which the
180°("H) pulses in the INEPT blocks are applied selectively to
one or several nonmutually coupled 'H resonances and the
delays are adjusted to the "J(CH) values (Figure 1). The

180sel y ¥ 180sel
I @
A A A A
H m m DIPSI-2 )
L2 e Tn
G,
A NA | & — [\
G3 G3 G4G5 G5 G G2
G1

Figure 1. Pulse scheme of the 2D 'H-selective HSQMBC-TOCSY experi-
ment. Proton 180° pulses applied in the middle of the evolution
periods ((A+p(180°sel)/2) =1/(4"J(CH))) can be selective for the
frequency, region, or for multiple frequencies. Two independent IP
(¥=y, e=on) and AP (¥ =x, ¢ =off) data sets are initially collected
and further combined to provide complementary a and 3 data
(IP£AP) in separate spectra.

se]lHSOMBC-TOCSY scheme generates o/ff multiplets by
recording two separate and complementary in-phase (IP) and
anti-phase (AP) data sets followed by a basic addition/
subtraction data processing.”) The behavior of both J(HH)
and "J(CH) evolution throughout the entire pulse sequence
yields pure-phase multiplets and, in addition, the TOCSY
period preserves the a/f "C spin-state information. The
method allows the efficient measurement of the magnitude
and the sign of "J(CH) by analyzing the relative displacement
of a/ff cross-peaks in the detected dimension with high
resolution and accuracy even for very small values.

The proposed selHSQMBC-TOCSY experiment consists
of a two-step procedure based on a sequential "J(CH)+
J(HH) transfer mechanism (Scheme 1C). The success of the
method relies on the presence of a large coupling constant
between the initial H3 and the intermediate C1 spins and,
secondly, on the effective magnetization transfer to the third
H2 spin through a TOCSY process. Thus, starting from
a selected H3 proton, the signal intensity for a relayed H2-C1
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o/ cross-peak will depend on a sin(2w"J(C1H3)A) cos(mJ-
(H2H3)7,,) [1 +sin(2n"J(C1H3)A)] function as a result of an
additive "J(H3-C1) +J(H2-H3) transfer mechanism, so it is
completely independent of the "J(H2-C1) value and also of
the C1 carbon multiplicity.

The benefits to append a TOCSY transfer in selHSQMBC
experiments!® are evident comparing the spectra of Fig-
ure 2A vs. 2B. The number of cross-peaks is notoriously

sel[HSQMBC sel[HSQMBC-TOCSY

=
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Figure 2. In-phase A) selHSQMBC and B) selHSQMBC-TOCSY spectra
after selective refocusing of H22, H12, and H15a protons in strychnine

-

T
1 ppm

increased thanks to the combination of selective proton
excitation and TOCSY transfer highlighting very much its
superior information content. While in the selHSQMBC
experiment only the largest coupling constants of the excited
proton can be determined, the additional TOCSY cross-peaks
allow the measurement between these carbon atoms and all
other protons belonging to the same spin system of the
excited proton. The magnitude and the sign of "J(CH) in
selHSQMBC-TOCSY experiments are easily determined by
analyzing the relative sense of the displacement of the o/f3
components, which are generated by a linear combination of
the IP + AP data. For protonated carbon atoms, the sense of
the corresponding direct 'J¢y; correlation (positive sign) can
be used as the reference. In the absence of this direct
correlation or for non-protonated centers, the comparison of
the relative sense between cross-peaks is necessary. Assuming
that a large three-bond correlation will have a positive value,
such direction of the displacement can be taken as the
reference for sign determination of other cross-peaks in the
same row. Thus, if a cross-peak defined as positive shows
a left/right pattern, other cross-peaks having the same left/
right 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 for the carbon-
yl C10 carbon cross-peaks at 169.3 ppm (Figure 3) after
simultaneous excitation of the three overlapped, nonmutually
coupled H14, H11, and H18a protons of the alkaloid

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

JM_MILM’L_JM_ ppm

ol

1 A) 3../ ! 4JH15b—C22 ' 4J)-nszrczz *
C22 w7t 07 13" 130
' 0 ' " 0w
C21 H y . X 0 " 3y now [140
‘ H16-C21 Jhacar GJmsu.cz‘ :‘56-02' 3 o,
-1.0 5.8 +1.3 85 e Liso
3JH‘2~C‘0
+2.0 2 [ 160
hsracio 24
e 6.3 L] H11b-C10
C 10 (] | w -79 £170
45 40 35 30 25 20 15 ¥ oo
7.9
y TR
w | I
AL
E) | _ . Il - .
D) Anti-Phase . (U”I
W M ~J
s
H12
c m in-Ph H11a H11b
n-Phase i
o _Jn M M

LMMUUJJLJ‘JAUJMLJK

T T T T T T T T T T T
4.6 44 42 40 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 ppm

Figure 3. A) Expanded area showing the overlayed o/f selHSQMBC-
TOCSY spectra (visualized here as vertically shifted red/black peaks)
after selective refocusing of the overlapped H14, H11, and H18a
protons resonating close to the 3.15 ppm signal of strychnine. B) Con-
ventional 1D '"H NMR spectrum and C-E) 1D slices taken at the
carbonyl C10 chemical shift corresponding to the C) IP, D) AP and

E) a/P spectra. The determination of the magnitude and the sign of
the coupling value are made in a very straightforward way by analyzing
the relative displacement between relayed a/f} cross-peaks.

strychnine, 1, all of them resonating around 3.15 ppm, clearly
shows large negative values for Hlla and H11b (—6.3 and
—7.9 Hz, respectively) and a small positive value for H12
(+2.0 Hz). On the other hand, the olefinic C21 carbon at
140.5 ppm (see Figure 3 A) presents positive values for H13
(+7.6Hz), H15a (+6.5Hz), and H15b (+1.3 Hz) and
negative values for the two-bond H14 (—5.8 Hz) and even
for the tiny four-bond H16 (—1.0 Hz) correlations.

The proposed IPAP methodology successfully works even
for nonresolved, broad, or complex resonances and the
accuracy of the measurement can be further validated by
comparing the "J(CH) values obtained from the o/f data
analysis with those of the recorded IP and AP data. On the
other hand, the complementarity between selHSQMBC-
TOCSY experiments with different proton excitations is
displayed in Figure 4. Thus, whereas the selHSQMBC experi-
ment on the HI13 proton only shows some correlations
corresponding to the most intense coupling values (Fig-
ure 4A), the complementary selHSQMBC-TOCSY experi-
ment on the adjacent H8 proton provides up to six additional
cross-peaks for this relayed H13 proton from which coupling

Angew. Chem. Int. Ed. 2012, 51, 3919 —3922
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Figure 4. 2D expanded plots showing the complementarity between
the selHSQMBC experiments of A) H13 and C) H8 and between
selHSQMBC-TOCSY experiments of B) H8 and D) H13. Note that
relayed cross-peaks in selHSQMBC-TOCSY spectra make it possible to
measure the very small coupling values that are missing in the original
selHSQMBC spectra.

values smaller than 2 Hz can be determined (Figure 4 B). The
opposite reasoning can also be done for the H8 proton
(compare Figure 4C vs. 4D).

The enormous versatility of the method can be further
enhanced by simultaneously selection of multiple, nonmu-
tually coupled protons located in different parts of the
molecular skeleton by region- or multiple-site selective
excitation (see the Supporting Information for examples).
This can represent a good strategy to simultaneously map out
independent coupling topologies and different structural
environments.

The steroid progesterone is a challenging example demos-
trating that the method succesfully works on complicated
NMR spectra with an elevated degree of signal overlap
including highly complex multiplets. Thus, many different
long-range correlations are obtained when all protons reso-
nating at 1.75-2.1 ppm (H21, H15, H12eq, Hleq, and H7eq
protons) are simultaneously inverted. For instance, whereas
the Hleq proton shows strong correlations with C2 (4.0 Hz),
C3 (9.5 Hz), C10(4.0 Hz), C5(7.7 Hz), and C9(4 Hz) carbon
atoms in the selHSQOMBC spectrum, the TOCSY transfer
allows the additional measurement of "J(CH) for all these
carbon atoms and the relayed Hlax, H2eq, and H2ax protons
(Figure 5). For instance, coupling values of 4+ 1.3 and + 2.6 Hz
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Figure 5. Expanded area of the a/B-selHSQMBC-TOCSY spectra of
progesterone after selective inversion of all protons resonating in the
region of 1.75-2.1 ppm.

are measured for the three-bond correlation between Hlax,
C3, and C3, respectively, as well as a very small and negative
—0.5Hz for the four-bond Hlleq-C5 correlation. Such
measurements are practically impossible to be done using
conventional HSQMBC and HSQC-TOCSY experiments.

In conclusion, a robust NMR method for the measure-
ment of "J(CH) of general applicability and high versatility
solves the major problems encountered in the original HSQC-
TOCSY and HSOMBC experiments while the most impor-
tant advantages are retained: a) both protonated and non-
protonated carbon atoms can be observed, b) the magnitude
and the sign of "Jy are directly determined from the analysis
of the relative displacement of o/f multiplets avoiding the
need of complex and time-consuming analysis and individu-
alized fitting procedures, c) the measurement is made in the
detected dimension and therefore a great number of ¢
increments is not a requisite, d) pure-phase multiplets are
obtained that allow the easy and accurate extraction of
"J(CH) even for broad, unresolved or highly complex
multiplets, e) coupling values smaller than the line width
can be determined, and f) the combination of different forms
of selective proton excitation and TOCSY editing offers an
excellent versatility to clean overlapped regions and make
reliable measurements even in congested areas or with the
presence of mixtures of compounds.

The method can be understood as a way to obtain a 'H
TOCSY spectrum from a quaternary carbon chemical shift
and this can also be interesting for structural elucidation and
chemical assignment purposes. The method is equally appli-
cable for the measurement of other heteronuclear coupling
constants and, in particular, can be of enormeous interest in
the measurement of residual dipolar coupling constants
where the sign information is mandatory. The relative
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simplicity in the experimental setup, the multiplet analysis,
and the data interpretation will make this versatil HSQMBC-
TOCSY experiment an essential tool for a reliable determi-
nation of "J¢y in the structural and conformational studies of
organic and natural products, even for inexperienced NMR
users.

Experimental Section

All NMR experiments were recorded on a BRUKER DRX-500
spectrometer equiped with a three-channel 5 mm cryoprobe incor-
porating a z-gradient coil. The test samples were strychnine (1,25 mg)
in CDCl; (0.6mL) and progesterone (4, 25mg) in [D,]DMSO
(0.6 mL). "H-"*C IP and AP-HSQMBC experiments were separately
recorded as described in Figure 1 using a recycle delay of 1s, the
interpulse delay (A + p(180°sel)/2 =1/4"Jy) was optimized to 8 Hz,
and the duration and shape of the selective proton 180° 'H pulse
(p(180°sel)) was set accordingly to the required selectivity in each
case. A basic two-step phase cycle was applied: ¢; =x,—x and ¢ =
x,—x. Gradients G1 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 G6 is applied
simultaneously to a chirp pulse (30 ms) to remove undesired zero-
quantum (ZQ) contributions.”’) This last element can be optionally
incorporated into the TOCSY building block of 20-40 ms (z,,) of
duration consisting of a z-filtered DIPSI-2 scheme. The duration of
each gradient was 0 = 1 ms and the proportionality between gradients
G1:G2:G3:G4:G5:G6 were set to 80:20.1:33:50:17:3. The IP and AP
data were acquired with 128, increments of 4056 data points for each
one, and then added/subtracted in the time domain. Prior to Fourier
transformation of the data, zero filling to 1024 points in FI,
8192 points in F2, and a sine-squared function in both dimensions

www.angewandte.org
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were applied. The data were finally obtained without any scaling
factor to provide two separate o/} data sets.
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Experimental Section
Pulse Program code.

Scheme S1. Structures used as in this work: Strychnine (1), progesterone (2), taxol (3) and
cyclosporine (4).

Figure S1. Comparison between selHSQMBC vs selHSQMBC-TOCSY spectra after
selective excitation of a single frequency

Figure S2. Example of selHSQMBC vs selHSQMBC-TOCSY after selective excitation
of multiple resonances by a shifted laminarpulse

Figure S3. Example showing the easy extraction of "Jcy in broads, non-resolved
multiplet.

Figure S4. HSQMBC-TOCSY spectra resulting of the addition of 16 individualized
selective

Figure S5. Comparison between a conventional 2D HSQC-TOCSY spectrum (only
working for protonated carbons) with a et HSQMBC-TOCSY spectrum (working for
any type of carbon)

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

Figure S7. HSQMBC-TOCSY spectra on the undecapeptide cyclosporine, 4, showing
the advantage to use region-selective excitation in a single experiment.

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

Figure S§9: Enlarged Figures of the figure 4 of the main manuscript.



Experimental Section

All NMR experiments were recorded on a BRUKER DRX-500 spectrometer equiped
with a 3-channel 5-mm cryoprobe incorporating a z-gradient coil. The test samples were
25mg of Strychnine (1) in 0.6 ml of CDCI3, 25mg of cyclosporine (2) in benzene, 20mg
of Taxol (3) in 0.6 ml of CDCl3, 25mg of Progesterone (4) in 0.6 ml of DMSO-ds. All
data were acquired and processed with TOPSPIN v2.1. 'H-"*C IP and AP-HSQMBC
experiments were separately recorded as described in Fig. 1 using a recycle delay of 1 s,
the interpulse delay (A+p(180°sel)/2=1/4*"Jcy) was optimized to 8 Hz and the duration
and shape of the selective proton 180° 'H pulse (p(180°sel)) was set accordingly to the
required selectivity in each 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 using the shape tool utility included into the Topspin software package. A
basic two-step phase cycle was applied: ¢;=x,-x and ¢r.c=x,-X. Gradients G1 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 G6 is
applied simultaneously to a Chirp pulse (30ms) to remove undesired ZQ
contributions.”) This last element can be optionally incorporated into the TOCSY
building block of 20-40ms (1) of duration consisting of a z-filtered DIPSI-2 scheme.
The duration of each gradient was d=Ims and the proportionality between gradients
G1:G2:G3:G4:G5:G6  were set to 80:20.1:33:50:17:3. IP and AP data were
added/subtracted in the time-domain without any scaling factor to provide two separate
o/p data which were analyzed directed on the display. Data were acquired with 128 t,
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:

;teo selhsgmbcto

;2D proton-selective HSQMBC-TOCSY experiment

;for the measurement of the smagnitude and the sign of long-range
;proton-carbon coupling constants

#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>

"p2:p1*2 "

"dd=1s/ (cnst2*4)"

"d11=30m"

"d20=p3"

"do=3u"

;"in0=infl/2"

"DELTA1=50u+pl6+d16"

"DELTA2=d4-larger (pl2,pld)/2-50u-pl6e-dle"
"DELTA=pl6+d16+50u+p2+d0*2+50u"

"FACTOR1=(d9/ (p6*115.112))/2+0.5"
"11=FACTOR1*2"

1 ze
dll pll2:£2
2 dl pll:fl
3 (pl phl)
50u UNBLKGRAD
pl6:gp6
dle
DELTA2 pl0:£f2 plO:fl
4u
(center (pl2:sp2 phl) (pld:sp3 ph6):£f2 )
4u
DELTA2 pl2:£f2 pll:fl
50u
pl6:gp6
dle
p28 phl
(pl ph2)
(p3 ph3):£2
do
(p2 ph3)
do
50u
pl6:gpl*EA
dle plO:f2
diz
(p24:sp7 phld):£2
DELTA pl2:f2
(p3 phd) :£2
50u
pl6:gp4d
dle



if "cnst25==0"

}

50u
pl6:
dle

{

(pl ph2):£f1l
}

else

{

(pl phl):f1l
gp5

DELTA2 pl0:f2 plO:fl

if "cnst25==0"

}

4u

{

(center (pl2:sp2 phl)

}

else
{

(pl2:

sp2 phl)

DELTA2 pl2:f2 pll:fl

50u
pl6:
dle

gpS

(pl phl):fl

;starts tocsy

dl2

4 p6*3.
po6*4d.
pP6*3.
pP6*3.
p6*0.
p6*2.
p6*4.
po6*2.
po6*4d.

pPo6*3.
po6*4d.
p6*3.
p6*3.
p6*0.
po6*2.
po6*4d.
p6*2.
p6*4.

po6*3.
po6*4.
pP6*3.
p6*3.
p6*0.
p6*2.
p6*4.

pll0:

556
556
222
167
333
722
167
944
111

556
556
222
le7
333
722
167
944
111

556
556
222
167
333
722
167

f1

ph22
ph24
ph22
ph24
ph22
ph24
ph22
ph24
ph22

ph24
ph22
ph24
ph22
ph24
ph22
ph24
ph22
ph24

ph24
ph22
ph24
ph22
ph24
ph22
ph24

(pld:sp3 phl):£f2

)
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p6*2.
po6*4d.

pP6*3.
po6*4d.
pPo6*3.
pP6*3.
p6*0.
po6*2.
p6*4.
p6*2.
p6*4.
lo to 4 times 11

5u pl0:fl

944
111

556
556
222
167
333
722
167
944
111

ph22
ph24

ph22
ph24
ph22
ph24
ph22
ph24
ph22
ph24
ph22

300u gron0

pl3:spd:£f1 ph7

100u groff

dle

;end tocsy

4u pll:fl

pl phl
DELTA1
(p2 phl):fl

50u

pl6:gp2
dl6 BLKGRAD

if "cnst25==0"

go=2 ph3l

{

(p3 phl):£2

}

else

{

d20

}

dl mc #0 to 2

F1EA (igrad EA,

exit

phl1=0
ph2=1
ph3=0
ph4=0
ph5=0
ph6=0
ph7=0
ph14=0
ph22=3
ph24=1
ph31=0

ipl0
;pll
;pl2

0 2

120dB
f1l channel - power level for pulse (default)
f2 channel - power level for pulse (default)

id0 & ip3*2 & ip6*2 & ip31*2)



;pl10: f1 channel - power level for TOCSY-spinlock

;sp2: fl channel - shaped pulse for selective proton refocussing

;sp3: f2 channel - shaped pulse (180degree inversion)
;spnam3: Crp60,0.5,20.1

;sp7: £2 channel - shaped pulse (180degree refocussing)
;spnam7: Crpé60comp.4

;sp29: f1l channel - shaped pulse (adiabatic)

;pl ¢ f1 channel - 90 degree high power pulse

;p2 : £l channel - 180 degree high power pulse

;p3 ¢ £2 channel - 90 degree high power pulse

;p6 : fl channel - 90 degree low power pulse

;pl2: f1 channel - 180 degree shaped pulse [20-80ms]

;pl3: f1 channel - 180 degree shaped pulse (adiabatic) [20 msec]
; smoothed chirp (sweepwidth, 20% smoothing, 10000 points)
;pld: £2 channel - 180 degree shaped pulse for inversion

; = 500usec for Crp60,0.5,20.1

;p24: £2 channel - 180 degree shaped pulse for refocussing

; = 2msec for Crp6Ocomp.4

;pl6: homospoil/gradient pulse

;p28: fl channel - trim pulse

;d0 : incremented delay (2D) [3 usec]
;dl : relaxation delay; 1-5 * T1

;dd ¢ 1/(4J)XH

;d9 : TOCSY mixing time

;d11l: delay for disk I/0 [30 msec]
;dl6: delay for homospoil/gradient recovery

;11: loop for DIPSI cycle: ((p6*115.112) * 11) = mixing time
;cnst2: = J(XH) [6-8 Hz]
;enstl7: = -0.5 for Crp6Ocomp.4

;cnst25: = (IP)

; (AP)
X) = 2 * DW(X)
SW (X)

0
; 1
;infl: 1/SW(
;in0: 1/(2 *
;nd0: 2
;NS: 2 * n
;DS: >= 8
;tdl: number of experiments
; FnMODE: echo-antiecho

;use gradient ratio:
;gpz0: ca. 3%

;gpzl: 80%

;gpz2: 20.1% for C-13
;gpzd: 50%

;gpz5: 17%

;gpz6: 33%

;use gradient files:
;gpnaml: SINE.100
;gpnam?2: SINE.100
;gpnam3: SINE.100
;gpnam4: SINE.100
;gpnamb5: SINE.100
;gpnamé6: SINE.100
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Scheme S1. Structures used in this work: Strychnine (1), progesterone (2), taxol (3) and
cyclosporine (4).
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Figure S1. A) selHSQMBC and B) selHSQMBC-TOCSY spectra after selective
refocusing of the overlapped H14, H11 and H18a protons of strychnine resonating near
3.15ppm. We can see in Fig. 3 of the manuscript an expanded 2D resgion of the
resulting o,B-selHSQMBC-TOCSY subspectra. In Fig. 4 of the main manuscript, 1D
slices showing pure phase IP, AP, and IPAP multiplets of the quaternary C10 carbon
can be observed.
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Figure S2. Example showing the implementation of multiple-site excitation using
shifted laminar pulses: (top) selHSQMBC spectrum after selective excitation of HI,
H22, H13 and the three protons corresponding at 3.15ppm, and (bottom) the equivalent
selHSQMBC-TOCSY spectrum.



Figure S3. 1D slices showing the IP, AP and o/p multiplets corresponding to the H14-
C21 cross peak. The tremendous benefits of the IPAP methodology can also be
exemplified in the analysis of non-resolved, broad or complex resonances. For
comparison, fig. 6 shows the diferent IP, AP and o/ multiplets corresponding to the
H14-C21 cross-peak of 1. The expected additional splitting in the IP multiplet is not
resolved whereas an overestimation of the direct measurement is made in the AP
multiplet (8.8 Hz). Clearly, the analysis of the relative displacement of o/ components

allows a reliable measurement of 6.2 Hz.
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Figure S4. (top) HSQMBC and (botton) HSQMBC-TOCSY spectra resulting of the

addition of 16 individualized selective experiments in strychnine
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selHSQMBC-TOCSY spectrum resulting of the superposition of sixteen independent
single-frequency experiments.
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progesterone after selective inversion of protons resonating in the region of 1.8-2.0
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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.

J(HH)

3y,
'H 1Hz

‘ N(EH))
12C 12C 4-)12C 12C 12C

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 selHSQMBC-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 Heteronuclear Single-Quantum Multiple-Bond Connectivities (HSQMBC-COSY) experiment is proposed
to measure the sign and the magnitude of long-range proton-carbon coupling constants ("J(CH); n > 1) either for protonated
or for non-protonated carbons in small molecules. The simple substitution of the selective 180° "H pulse in the original
selHSQMBC pulse scheme by a hard one allows the simultaneous evolution of both proton-proton and proton-carbon coupling
constants during the refocusing period and enables a final COSY transfer between coupled protons. The successful implemen-
tation of the IPAP principle leads to separate mixed-phase a/p cross-peaks from which "J(CH) values can be easily measured
by analyzing their relative frequency displacements in the detected dimension. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: HSQMBC; HSQMBC-COSY; long-range proton-carbon coupling constants; IPAP
- ______________________________________________________________________________________|

Introduction

It has always been a wide interest in the design of NMR methods
directed to the measurement of heteronuclear coupling constants
in small molecules. In the particular case of 3¢, it was not an easy
task because the signals corresponding to the active *C isotopomers
appear below the "H-"2C signal in the conventional proton spectrum
that is about 200 times more intense because of the low '>C
natural abundance (~1.1%). The strong 'H-"2C signal is efficiently
suppressed in modern NMR spectroscopy by applying pulsed field
gradients as a method of coherence selection, and nowadays a
multitude of NMR methods is available for the proper measurement
of long-range proton-carbon coupling constants ("JCH); n> 1)"?
Accepting that the problem to determine the magnitude and the
sign of "J(CH) is already solved for protonated carbons mainly using
HSQC-TOCSY-type experiments,®~ some relevant aspects on "J(CH)
are still under study and discussion, namely, the accuracy of their
measurements and how we can measure small values and also their
signs on quaternary carbons.

Recently, our group has reported an efficient and straightforward
in-phase and anti-phase (IPAP) approach to accurately measure
"J(CH) on both protonated and non-protonated carbons®® As a
first advantage, the tedious analysis of typical anti-phase cross-peaks
obtained from Heteronuclear Single-Quantum Multiple-Bond
Connectivities (HSQMBC) experiments is avoided. Second, the main
limitations associated with other commonly used experiments such
as Jresolved methods (an elevated number of t; increments are
required, the measurement of small values is not affordable and they
are not sign-sensitive) are overcome. These new IPAP methods are
based on the separate acquisition of complementary In-Phase (IP)
and Anti-Phase (AP) HSQMBC data that after suitable linear combina-
tion affords spin state-selective HSQMBC spectra. Interestingly, the
magnitude and the sign of "J(CH) are determined measuring the
relative left/right displacement between o/p cross-peaks in

the detected dimension. First, a broadband version based on a
G-BIRD-HSQMBC-IPAP experiment was suggested. This and
other related approaches using CPMG-based schemes can
lead /P cross-peaks with mixed phases due to residual
proton-proton coupling, J(HH), evolution during the INEPT-like
periods. A further development makes use of 180° proton
selective pulses to completely remove the problems associ-
ated with J(HH) evolution and, therefore, pure-phase data
are obtained that greatly facilitates the measurement.!”’
However, the measurement of small values from this
sel[HSQMBC-IPAP experiment remained a challenge while the
sign information was not available. Recently, it has been
reported that the addition of a TOCSY propagation period
after the selHSQMBC block affords a general and unique tool to
measure the sign and the magnitude of "J(CH) for both protonated
and non-protonated centers® This selHSQMBC-TOCSY-IPAP
method proves to be highly useful even for molecules showing
overlapped resonances, complex multiplets and, very importantly,
to measure very small "J(CH) coupling values because the intensity
of relayed cross-peaks is independent of their "J(CH) values.
Herein, we describe a long-range optimized HSQC-COSY pulse
scheme! that allows the measurement of the sign and the
magnitude of "J(CH) in a similar way to the selHSQMBC-TOCSY
experiment. This new sel[HSOMBC-COSY method has better
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sensitivity while most of the reported features are still retained:
(i) the magnitude and the sign of "Joy are directly determined
from the analysis of the relative displacement of o/p multiplets
avoiding the need of complex and time-consuming analysis
using individualized fitting procedures; (ii) they can be measured
for both protonated and non-protonated carbons; (iii) the
measurement is made in the detected dimension and therefore
good resolution levels can easily be attainable with a minor
number of t; increments; (iv) although mixed-phase multiplets
are obtained, extraction of "J(CH) remains easy and accurate in
a multitude of conditions: broad, unresolved or highly complex
multiplets, in congested areas or with the presence of mixtures
of compounds; and (v) coupling values smaller than the line
width can be determined. We test the applicability of the
proposed method on the alkaloid strychnine, 1.

Results and Discussion

Figure 1 shows the basic pulse scheme of the sel[HSQMBC-COSY-
IPAP experiment. It resembles a regular HSQC pulse train with a
few different details: (i) a selective 180° 'H pulse is applied in
the initial INEPT period to prevent J(HH) evolution, (ii) the
interpulse delays are optimized to small "J(CH) values, typically
6-8 Hz, (iii) a last 90° 'H pulse is appliedfrom the y axis to gener-
ate COSY cross-peaks, and (iv) proton acquisition is performed
without "*C decoupling because "J(CH) values want to be measured
in the detected dimension. Using another analogy, the pulse
sequence is a very simple modification of the original selHSQMBC
experiment”! where the selective 180° 'H pulse incorporated in the
refocusing INEPT period has been replaced by a hard 180° 'H pulse.
In this way, simultaneous JHH) and "J(CH) evolution takes place
during this period that facilitates COSY transfer, thanks to the last
90° 'H pulse. In addition, better sensitivity is achieved than the
sel[HSQMBC-TOCSY scheme because the additional TOCSY period is
avoided and therefore potential relaxation losses are reduced.

The coupling pathway involved in a selHSQMBC-COSY experi-
ment consists of two parts (Scheme 1): First, a selective
out-and-back step from the selected H2 proton to long-range
coupled carbons (C1) is accomplished by the HSQMBC element,
and second, a non-selective COSY transfer from this same proton
to other protons via J(H2-H3) executed simply by the last 90° 'H

J(HH)
X
Ha Hy

"J(CH)

Cq
\

HSQMBC-COSY

Scheme 1. Coupling pathway involved in the HSQMBC-COSY experiment.

pulse. Analyzing the pulse scheme in more detail, the initial selec-
tive INEPT block for a selected H2 proton affords coherence in the
form of H,,C, * sin(n"Jp_c1)A). After the simultaneous 90°,(H)/
90°,(C) pulses, anti-phase carbon magnetization in the initial
H,,C, form evolves during the variable evolution t; period in
the usual way. After that, a 90° carbon pulse creates H,,C,
magnetization and the purge gradient G4 removes any resid-
ual transverse magnetization. The proposed method is based
on the application of the IPAP principle in a refocused HSQC
scheme: Two complementary IP and AP data are separately
recorded with and without the 180° '>C pulse in the refo-
cused period, respectively. Thus, IP data are generated using
W =y and applying the 180° '3C pulse:

IP: szsinz(nJ H2—C1A) COS(TEJ H3—H2A)

+ 2H2XH3zSin2(TCJ HZ—CIA) sin(nJ H3—H2A) (1)

On the other hand, AP data are obtained using ¥ =x and omitting
the 180° "*C inversion pulse in order to avoid ", refocusing:

AP : ZHZyCZ sin(ch H2—C1A) COS(TEJ H3—H2A)

— 4H2XH3ZCZ Sin(TCJ HZ,QA) Sin(TCJ H3—H2A) (2)

The last 90°, "H pulse that was applied in the selHSQMBC experi-
ment for purging purposes of undesired coherences now creates
additional COSY cross-peaks:

180sel Yy ¥ y
'‘H AL A ARA sl oy
2 2 2 2
LA €
13
C I t1 ] aIa ] I
or;off
A fii O
G3 G3 G4GS5 G5 G2
Gl

Figure 1. General pulse scheme of the proton-selective HSQMBC-COSY experiment. Thin and thick bars represent 90° and 180° non-selective pulses
that are applied along the x-axis unless otherwise stated. The 180° proton pulse in the first INEPT block is applied selectively to a single frequency. The
basic cycle phase was ®1: x,—x; ®rec: X,—x. In-phase (IP: W =y, ¢ =on) and anti-phase (AP: ¥ = x, ¢ = off) data are recorded separately and combined in the
time domain to provide o/f spectra. The interpulse delays are set to A=A’ + p1go=1/(2* "Jcy), where ;g is the duration of the selective 180° 'H pulse.
G4 gradient acts as zz-purge gradient filters, G3 and G5 are used for refocused heteronuclear gradient echo, and G1 and G2 are used for coherence
selection. The sign of the G1 encoding gradient is alternated for echo/anti-echo coherence selection. & is the duration of the gradients.
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IP: Hyy sin®(n) k- c14d) cos(m) w3 oA
+ 2HaH3y sin® (1 a1 ) sin(m) w3 _d) ®3

AP : ZszCz sin(nJ H2—C1A) COS(T[J HngzA)
— 4H22H3yCz sin(nJ H2—C1A) sin(nJ HngzA) (4)

A key 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-equivalent intensity between IP and AP
data. Assuming that the effect of J(HH) modulation is exactly
the same for the IP and AP data, cross-talk will be proportional
to the sin%(Mpp-c12) — sin(mya-cAA) factor and the percentage
of cross-talk with respect to the overall multiplet sensitivity is
defined by [sin(TtJpa_ci8) — 1)/[sin(myz-c1A) +1]. As  similarly
reported previously,”! selHSQMBC-COSY shows to be extremely
tolerable to undesired cross-talk effects over a potential
mismatch between "J(CH) values and A optimization.

Figure 2 clearly shows the great benefits of changing the selective
180° proton pulse in the selHSQMBC experiment (Fig. 2A) by a stan-
dard hard 180° pulse (Fig. 2B). The three H14, H11a and H18a protons
that appear overlapped in the conventional 'H spectrum of 1 at
3.15ppm were selectively refocused by a 20-ms Gaussian-shaped

180° pulse. A single vertical area shows the most intense long-range
heteronuclear correlations from these three selected protons in the
clean 8-Hz optimized selHSQMBC spectrum. In the analog
selHSQMBC-COSY spectrum, a great number of additional COSY
cross-peaks are available and ready to be analyzed.

The potential on the implementation of the IPAP technique
into the sel[HSQMBC-COSY experiment is demonstrated for a
non-protonated center, the carbonyl C10 carbon (Fig. 3). In addi-
tion to the initial two-bond H11a-C10 correlation (—6.2 Hz), two
additional COSY cross-peaks are observed corresponding to the
two-bond H11b-C10 (—7.8Hz) and the three-bond H12-C10
(+2.1Hz) correlations. The IPAP-HSQMBC-COSY cross-peaks
(Fig. 3B and C, respectively) show mixed-phase properties,
preventing any attempt to the direct extraction of coupling
values. Although those mixed phases are also present in the
corresponding o and B multiplets (Fig. 3D and E, respectively),
this does not affect the measurement because only the displace-
ment between o/p signals is of interest, regardless of how they
are. It is important to note that no manual or automatic phase
correction was applied for any of the four IP, AP, o and p multi-
plets. Clearly, the magnitude of all three "J(CH) couplings can
be directly determined without need of any fitting process
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Figure 2. (A) selHSQMBC and (B) sel[HSQMBC-COSY spectra of 1 after selective refocusing of protons (H14/H11a/H18a) resonating at 3.15 ppm. Only the
corresponding IP spectra are shown in magnitude mode. Note that additional COSY cross-peaks are originated by the simple conversion from selective
to non-selective mode of the 180° 'H pulse placed in the refocused period. Areas marked with a rectangle box in (B) are further discussed in Figs 3 and 4.

See experimental section for more details.
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Figure 3. (A) Conventional 'H and (B-E) 1D sections extracted from the
13C frequency of the carbonyl C10 carbon: (B) IP and (C) AP HSQMBC-COSY
data acquired as described in Fig. 2B, and (D and E) o/ HSQMBC-COSY data
obtained after linear combination of B+ C. (F) Expanded 1D o and B multi-
plets to visualize their relative displacements.

(Fig. 3F). On the other hand, the sign is also codified from the
relative left/right (negative) or right/left (positive) frequency peak
displacement. The measurement of J from a single peak as shown
in Fig. 3F is only for illustrative questions. In fact, it is more
accurate to measure J for each resolved peak into a multiplet
and obtaining an average value because multiplet distortions
could introduce major errors if only a single measurement is
made. The measured data are in strong agreement with those
published previously.[gl

Figure 4 shows expansions corresponding to the most intense
H14 proton and the COSY cross-peaks originated for its vicinal
H15b proton from the selHSQMBC-COSY-IPAP spectra. All correla-
tions involving the H14 proton with "J(CH) values ranging from 5
to 7 Hz are clearly visible and easily measured in an 8-Hz optimized
experiment as a result of their sine dependence with the interpulse
A delay (Fig. 4A). However, it is not possible to determine the sign
of these "J(CH) values from the single analysis of this column. It
should be emphasized that although the direct correlation presents
opposite displacement because of the different magnitudes of 'J(CH)
versus "J(CH), this is not related to the relative sign. On the other
hand, several features are quickly evident from the analysis of the
relayed H15b column (Fig. 4B): (i) the intensity and possible
cross-talks for all observed COSY cross-peaks do not depend on their
"J(CH) values but the original H14 cross-peaks; (i) the sign of "J(CH)
cannot be determined analyzing only this column but they can be
quickly assigned when compared the relative displacement of each
cross-peak with the original H14 cross-peak (sometimes a prior
knowledge of chemical shift assignment is required and it can be
assumed that large three-bond connectivities present positive sign);
(iii) values smaller than the line width can be measured because of
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Figure 4. 2D expansions plots of the HSQMBC-COSY-IPAP spectra resulting
of Fig. 2B and corresponding to the (A) excited H14 and (B) COSY H15b
protons. o/ cross-peaks are shown slightly shifted in the vertical scale to visu-
alize their mutual relative displacements. For clarity, no distinction has been
made for positive and negative intensities. Note that the extraction of the
relative signs from the left/right displacement analysis is only valid between
cross-peaks in the same row. (C) 1D slices extracted from the different rows
shown in (B).

almost unlimited resolution attainable in the detected dimension;
and (iv) all cross-peaks belonging to the same proton show similar
phase distortions because of J(HH) modulation but this does not
affect the precise and reliable measurement of "J(CH) (Fig. 4Q). It is
very important to clarify that the extraction of relative signs is only
applicable when comparing signals from the same row (the same
carbon) but not for peaks of the same column but different
rows (different carbons). For instance, check the correct sign
from the opposite sense between H14-C16 (J=+7.0Hz) and
H15b-C16 (%)= —3.0 Hz) cross-peaks. However, although H15b-C13
(J=+7.8Hz) and H15b-C16 ()=—3.0Hz) have the same relative
displacement, they have opposite signs.

Another essential point to highlight is the relative sensi-
tivity between equivalent sel[HSQMBC, selHSQMBC-COSY and
selHSQMBC-TOCSY experiments. Figure 5 shows the 1D sections
extracted for the C14 carbon for all these experiments acquired
under the same conditions previously described in Fig. 2.
Whereas in the selHSQMBC experiment only the large H14 satel-
lites are visible, additional COSY correlations to the H22, H15a,
H15b and H13 protons emerge in the selHSQMBC-COSY spec-
trum. Similar correlations presenting pure-phase properties are
obtained from the equivalent sel[HSQMBC-TOCSY experiment
but with a considerable penalty in sensitivity due to the addi-
tional 40-ms TOCSY mixing time. Later, the overall sensitivity will
strongly depend on the duration of mixing time and also on the
existing spin topologies.
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Figure 5. (A) 1D sections extracted at the C14 carbon chemical shift
(45 ppm) of the IP version of (B) seHSQMBC (see Fig. 2A), (C) selHSQMBC-COSY
(see Fig. 2B) and (D) selHSQMBC-TOCSY (using a 40-ms mixing time) experi-
ments. All experiments were recorded and processed using the same condi-
tions as reported in Fig. 2 and are plotted using the same vertical scaling in
order to compare the relative sensitivity of each experiment.

To conclude, we have introduced a new selHSQMBC-COSY
experiment to measure the size and the sign of "J(CH) with high
accuracy using the IPAP concept. The experiment retains the
simplicity of the original sel[HSQMBC experiment and, as an addi-
tional bonus, an increased number of coupling values and sign
information can be extracted. On the other hand, the experiment
also retains most of the features and benefits associated to the
powerful selHSQMBC-TOCSY experiment with an important added
value: "H-"H COSY transfer is achieved at the same time that
"J(CH) evolution and therefore superior sensitivity is achieved
because an additional TOCSY period is not necessary, even
considering the potential signal cancelation due to the anti-phase
character associated to COSY cross-peaks. The method can be
applied to a myriad of different structural and conformational
aspects, shows extreme simplicity in both set-up and data inter-
pretation and can be combined with multiple-frequency and
band-selective excitation in order to obtain a complete "J(CH)
data set with only a few experiments. Of course, the method
might also have a profound impact to the measurement of
any type of heteronuclear coupling constants involving other
heteronuclei than '>C, showing an enormous potential in the
application on organometallic and inorganic molecules.

Methods and Materials

All NMR experiments have been recorded on a BRUKER DRX-500
spectrometer equipped with a three-channel 5-mm cryoprobe incor-
porating a z-gradient coil on a sample of 25 mg of strychnine, 1, dis-
solved in 0.6 ml of CDCls. 2D "H-"3C IP and AP-HSQMBC experiments
on 1 were separately recorded as described in Fig. 1 using a recycle
delay of 1 sand the interpulse and A’ delays were optimized to 8 Hz
(A="+Pp1go=1/2*"Jcpy, Where pyg, is a selective 180° 'H pulse). IP
and AP data were recorded in a sequential mode, but acquisition
in an interleaved mode can be advisable in less concentrated sam-
ples to minimize spectrometer instabilities. For selective refocusing,
a Gaussian-shaped 180° pulse of duration of 20 ms (p;g0) was applied
in Fig. 2. Sine bell-shaped gradients of 1 ms duration (5) were used,
followed by a recovery delay of 200 ps. Gradient ratios for G1:G2:
G3:G4:G5 were 80:20.1:33:50:11, measured as percentage of
the absolute gradient strength of 5.35G/cm. All experiments were
acquired and processed using the echo/anti-echo protocol. Four
scans were accumulated for each one of the real 64 t; increments,
and the number of data points in t, was set to 4096. Spectral win-
dows in both dimensions were 22 500 (F1) and 4500 (F2) Hz, respec-
tively. The overall acquisition time for each IP and AP data was about
6 min, which was added/subtracted in the time domain without any
scaling factor to provide spin state-selective data. 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.

Acknowledgements

Financial support for this research provided by MICINN (projects
CTQ2009-08328 and Consolider Ingenio-2010 CSD2007-00006) and
Bruker Esparola S.A. is gratefully acknowledged. We also thank the
Servei de Ressonancia Magnética Nuclear, Universitat Autonoma de
Barcelona for allocating instrument time to this project.

References

[11 B. L. Marquez, W. H. Gerwick, R. T. Williamson. Magn. Reson. Chem. 2001,

39, 499.

T. Parella, 2D methods for the measurement of long-range proton-carbon

coupling constants, in Multidimensional NMR Methods for the Solution

State, (Eds: G. A. Morris, J. W. Emsley), John Wiley & Sons Ltd, Chichester,

UK, 2010, p. 305.

[3]1 P. Nolis, J. F. Espinosa, T. Parella. J. Magn. Reson. 2006, 180, 39.

[4] W. Kozminski. J. Magn. Reson. 1999, 137, 408.

[5] K. Kobzar, B. Luy. J. Magn. Reson. 2007, 186, 131.

[6] S.Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2010, 207, 312.

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

[8] J. Sauri, J. F. Espinosa, T. Parella. Angew. Chem. Int. Ed. 2012, 16, 3919.

[9] W. Willker, D. Leibfritz, R. Kerssebaum, W. Bermel. Magn. Reson. Chem.
1993, 37, 287.

[2

Magn. Reson. Chem. 2012, 50, 717-721

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/mrc

97

LzL






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.
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Figure 3.04. A) Expanded area of the a/B- selHSQMBC-COSY and B) a/B- sel[HSQMBC-TOCSY spectra in
progesterone.
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I1l.  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, ?°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 selHSQMBC 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. Introduction

The determination of the magnitude of heteronuclear spin-spin
coupling constants (J) plays a fundamental role in the structural
and conformational characterization of organic and organometallic
molecules in solution [1]. Unfortunately no much attention has
been paid to the determination of the positive/negative sign of a
coupling [2], and this is essential to derive theoretical and experi-
mental correlations with structural parameters such as dihedral
angles, pattern of bonds connecting the coupling nuclei, pattern
substitutions along the coupling pathway and others. The theoret-
ical calculation of coupling constants has become an important
tool 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
dipolar coupling constants (RDCs) in molecules weakly oriented
in anisotropic media [3] or to get more insight about the
through-bond and through-space contributions in hydrogen-bond-
ing interactions [4].

Herein we introduce NMR methodologies that address some
remaining challenges in the measurement of heteronuclear J(HX)
coupling constants: (i) the general application on any type of high
(®'P and '°F are 100%), medium (''°Sn (8.6%), 7’Se (7.6%...)) or low
natural-abundance ('3C (1.1%), >N (0.3%)) Y%-spin NMR heteronu-
clei; (ii) the measurement of small J values, including couplings
between remote spins separated for more than the conventional

* Corresponding author.
E-mail address: teodor.parella@uab.cat (T. Parella).

1090-7807/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jmr.2013.08.013

two- and three-bond connectivities; (iii) the ] measurement on
multiplets with different pattern complexity; and (iv) special
emphasis for the easy determination of the relative J sign. Many
small molecules only contain a single X heteronucleus of interest,
and therefore it could become more convenient to acquire the cor-
responding spectra in a 1D mode, improving simplicity, resolution
and data collection speed up.

2. Results and discussion

Fig. 1 shows two related approaches, referred to Up&Down
(U&D) and Left&Right (L&R) methods, for the fast, easy and accu-
rate determination of J(HX). They are based on a family of HSQMBC
experiments that have been proposed to determine small proton-
carbon coupling constants [5-7]. 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 basic
HSQMBC pulse train to extend the measurement to other protons
belonging to the same spin system (Fig. 1A). The duration of the
TOCSY transfer period can be optimized for each spin system under
study as usual. The resulting multiplets will present pure in-phase
(IP) patterns with respect to all HH couplings and anti-phase (AP)
pattern with respect to the active HX coupling. This aspect of the
data allows the extraction of the relative sign of J(XH) by compar-
ing the relative up/down or down/up phase between multiplets be-
cause the a/p spin-state of the heteronucleus is not affected by the
mixing TOCSY process. On the other hand, the magnitude of J(HX)
can be measured analyzing the AP pattern in cases of well resolved
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Fig. 1. (A) Non-refocused (Up&Down or U&D) and (B) refocused (Left&Right or L&ER)
versions of the 1D 'H-X selHSQMBC-TOCSY experiment. The interpulse delays are
optimized to 4 = A’ +p1go = 1/(2 * Jxu), Where pigo is the duration of the selective
180° 'H pulse. The TOCSY transfer consists of a z-filtered DIPSI-2 pulse train of
duration 7, with an additional G6 gradient simultaneously applied to an adiabatic
smoothed CHIRP pulse to remove unwanted ZQ contributions. In (B) Two indepen-
dent IP and AP datasets are separately collected as a function of the pulses marked
with & IP (¥ =y and e¢=on) and AP (¥ =x and ¢ = off). Separate o/p data are
obtained after time-domain addition/subtraction data (AP +IP). A minimum two-
step phase cycle is applied: ¢; =x, —x and ¢yec = x, —x. The ratio between gradients
(with a duration §) G1:G2:G3:G4:G5:G6 were set to x:y:33:50:17:3, where x/y = yu/
7x. Gradients G1 and G2 are used for coherence pathway selection and they can be
omitted when working with high-abundant nuclei. The experiments can be also run
in 2D mode. See details on pulse sequence timing of these non-gradient selected 1D
and 2D experiments in the Supporting information.

multiplets or using a fitting procedure. Importantly, the intensity
of a relayed H3-X signal does not depend of the J(H3-X) value
but the cumulative J(H2-X) + J(H2-H3) pathway in the form of
2H3,X,sin(7)12xA)cos(7/u2u3Tm), and therefore small J(H3-X) val-
ues can be efficiently measured whenever TOCSY transfer is suffi-
ciently effective.

Fig. 1B shows the refocused L&R version where IPAP selection is
achieved by recording the experiment twice with modified refo-
cusing conditions: when the X pulses marked with € are applied,
J(HX) is refocused to IP nature prior to acquisition whereas that
AP magnetization is retained if they are omitted. Time-domain
IP + AP data combination followed by a conventional Fourier trans-
formation afford the separate o~ and B-spectra that allow the mea-
surement of small J(HX) values by analyzing their relative signal
frequency displacement. The sense of this displacement also pro-
vides the relative sign of J(HX) although that of a reference peak
is needed to assign the absolute positive/negative value.

For low-abundance heteronuclei, the use of the G1 and G2 gra-
dients for coherence selection (G1:G2 = yy/yx) is required to obtain
high-quality U&D and L&R spectra. For high-abundance nucleus,
such as '°F or 3'P, gradients are not really needed, rendering the
pulse sequences much more simple and sensitive (see Fig. S1 in
the Supporting information for the corresponding pulse timing).
In all cases, only H-X couplings that can be measured from a single
1D measurement are for those protons which are part of the same
sequence of coupled protons as the selectively excited proton.

Several examples on standard molecules are shown here to
illustrate the main features of the proposed experiments. For in-
stance, although the magnitude of proton-phosphorus coupling
constants, J(HP), can often be measured directly from the conven-
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Fig. 2. 1D "H->'P (B) U&D and (C) L&R spectra of 0.1 M allyltriphenylphosphonium
bromide (1) in CDCl; acquired with the pulse sequences of Fig. 1A and 1B,
respectively, without gradient coherence selection (see Fig. S1 in the Supporting
information). The H1 proton was selectively excited with a 20 ms Gaussian-shaped
180° 'H pulse and the inter-pulse delay and mixing times were optimized to 60 ms
and 40 ms, respectively. 4 scans were collected with a relaxation delay of 1 s, giving
an experimental time of only 16 s for each 1D spectrum.
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Fig. 3. 1D 'H-"°F(B) U&D and (C) L&R spectra of 0.1 M 2-fluoropyridine (2) in CDCl3
acquired with the pulse sequences of Fig. 1A and 1B, respectively, without gradient
coherence selection. The H3 proton was selectively excited with a 20 ms Gaussian-
shaped 180° 'H pulse and the inter-pulse delay and mixing times were optimized to
60 ms and 40 ms, respectively. 4 scans were collected with a relaxation delay of 1's,
giving an experimental time of only 33 s for each 1D spectrum.
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tional 'H multiplets or from simplified multiplets obtained from
equivalent 3'P-decoupled 1D proton spectra of organophosphorus
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Fig. 4. 1D 'H-"""Sn (B) U&D and (C) L&R spectra of 0.1 M tributyl(4,5-dihydrofuran-
2-yl)stannane, 3, in CDCl; acquired with the pulse sequences of Fig. 1A and 1B,
respectively. The H5 proton was selectively excited with a 20 ms Gaussian-shaped
180° 'H pulse and the inter-pulse delay and mixing times were optimized to 50 ms
and 40 ms, respectively. 32 scans were collected with a relaxation delay of 1s,
giving an experimental time of 1 m 40 s for each 1D spectrum.

compounds (Fig. 2), the information about the sign is not directly
available. The relative sign of J(HP) can be quickly ascertained from
the relative U&D peak pattern (Fig. 2B) taking the relative up/down
phase of the 3J(HP) connectivity as a reference for positive signs.
Although the analysis of the AP structure can also provide the
magnitude of J(HX), partial cancellation of multiple lines or the
displacement of peak maxima can complicate the measurement
and a further fitting peak analysis/simulation can be required to
minimize possible errors in the measurement. For the accurate
measurement of J values irrespective of multiplet complexity or
partial signal cancellation, the use of the refocused L&R method
can be most suitable. Fig. 2C shows how the relative L&R displace-
ment becomes a simple, fast and powerful way to directly extract
the information of both the magnitude and the sign of J(HP) cou-
pling constants [8].

In a similar way, Fig. 3 shows the fast determination of all pro-
ton-fluorine coupling constants, J(HF), in 2-fluoropyridine, 2
[9,10]. It is shown that the effective TOCSY transfer facilitates the
straightforward and sensitive determination even for the four-
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 U&D
multiplet pattern (Fig. 3B), both the magnitude and the sign are ob-
tained from the L&R version (Fig. 3C). The H6 proton can be used as
an example to compare the main features of L&R vs. U&D analysis.
The small 4J(H6-F) value causes its AP multiplet presents reduced
intensity although that the relative UD pattern evidences a nega-
tive value compared with the reference H3 proton. Note how an
accurate value of —1.3 Hz is easily determined from the direct
L&R analysis of the pure in-phase o/f multiplets.

Fig. 4 shows the U&D and L&R spectra of an organotin com-
pound, 3, acquired with gradient coherence selection [11].
Whereas the clean U&D spectrum (Fig. 4B) clearly reveals the
opposite sign between the large 2J(H-Sn) and 3J(H-Sn) couplings,
the additional small J(H-Sn) couplings can make difficult a clear
visualization of coupling patterns and the accurate determination
of their sizes. The analysis of the L&R multiplet patterns (Fig. 4C)
allows and accurate measurement of the tiny 4J(H-Sn) and °J(H-
Sn) (<1 Hz) couplings along with their absolute signs. Other exam-
ples describing the challenge to measure the sign and the small
magnitude of long-range J(H-Se) and J(H-Si) coupling constants
in organoseleno [12] and organosilicon [13] compounds, respec-
tively, are available as a Supplementary material (see Figs. S2
and S3 in the Supporting information).

3. Conclusions

In summary, we have proposed an efficient NMR technique for
the general and easy determination of both the magnitude and the
relative sign of heteronuclear coupling constants in a wide range of
conditions and different heteronuclei. The measurement relies in
the direct analysis of resulting pure-phase multiplets, without
any further data treatment. The U&D method is recommended
when short T2 relaxation times are present or when only the sign
information is of interest. On the other hand, the inconvenience to
manage AP multiplets makes the L&R method highly amenable to
measure very small coupling constants even for complex and
non-resolved multiplets by considering only the relative signal
frequency displacement. 2D versions of the method are also appli-
cable to molecules having many different active heteronuclei (see
Figs. S4 and S5 in the Supporting information) and the concept
can be extrapolated to measure other type of couplings involving
other heteronuclei than 'H for detection.

4. Methods and materials

NMR experiments were recorded on different spectrometers: a
BRUKER 600 AVANCE II+ equipped with a 5-mm broadband probe-
head incorporating a z-gradient coil and a BRUKER AVANCE III
400 MHz spectrometer equipped with a BBFO broadband probe-
head incorporating a z-gradient coil. The interpulse delay
A= (A + Prgoesel/2) = 1/(4 = J(XH)), where the selective 180° 'H
pulse (p1soese1) With a duration of 20 ms had a Gaussian-shape in
all cases. The recycle delay was set at 1s. Gradient G4 acted as a
zz-filter whereas gradients G3 and G5 flanked the inversion proton
pulses to generate pure selective refocusing elements. The TOCSY
transfer consisted of a z-filtered DIPSI-2 pulse train of duration
Tm (40 ms) with an additional G6 gradient simultaneously applied
to a 30 ms adiabatic smoothed CHIRP pulse to remove unwanted
ZQ contributions. G1 and G2 were used for coherence selection.
All data were acquired and processed with the TOPSPIN v2.1 soft-
ware package.

The test samples used in this work were: 30 mg of allyltriphe-
nylphosphonium bromide dissolved in 0.6 ml of CDCl;, 25 mg of
2-fluoropyridine dissolved in 0.6 ml of CDCl;, and 30 mg of tribu-
tyl(4,5-dihydrofuran-2-yl)stannane (3) dissolved in 0.6 ml of
CDCls.

Details for spectra of Fig. 2: 1D 'H->'P zz-selHSQMBC-TOCSY
and selHSQMBC-TOCSY-IPAP experiments were recorded at
600 MHz. The interpulse 4 delay was optimized to 8 Hz. 4 scans
were accumulated, the number of data points was set to 16,384
and the spectral window was 6009 Hz. The overall acquisition time
was 16s. The acquisition time in t, was 1.360s with a FID
resolution of 0.733 Hz.
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Details for spectra of Fig. 3: 1D 'H-'°F zz-selHSQMBC-TOCSY
and selHSQMBC-TOCSY-IPAP experiments were recorded at
400 MHz. The interpulse 4 delay was optimized to 8 Hz. 4 scans
were accumulated, the number of data points was set to 16,384
and the spectral window was 2000 Hz. The overall acquisition time
was 33 s. The acquisition time in t; was 4.09 s with a FID resolution
of 0.122 Hz.

Details for spectra of Fig. 4: 1D 'H-'19Sn zz-selHSQMBC-TOCSY
and 1D-selHSQMBC-TOCSY-IPAP experiments were recorded at
600 MHz. The interpulse delay was optimized to 10 Hz. 32 scans
were accumulated, the number of data points was set to 16,384
and the spectral window was 8417.5 Hz. The overall acquisition
time was 1 min, 40 s. The acquisition time in t, was 0.487 s with
a FID resolution of 2.050 Hz.

All pulse program codes are available from our web server at
http://sermn.uab.cat.
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Figure S1: 1D versions of the A) U&D and B) L&R 'H-X selHSQMBC-TOCSY
experiments without gradient coherence selection. All experimental details are exactly
the same as described in the original sequences described in Fig. 1, except that the G1

and G2 gradients and their related delays have been removed.
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Figure S2: 1D '"H-""Se B) U&D and C) L&R spectra of 0.1M selenomethionine (4) in
D,0 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 time (ty,) were optimized to 50ms and 40ms, respectively. 128
scans were collected with a relaxation delay of 1s, giving an experimental time of 10

minutes for each 1D spectrum.
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Figure S3: 1D 'H-*’Si A) U&D and B) L&R spectra of 20mg of DSS in 0.5ml D,0
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
delays (A’) and mixing time (t,,) were optimized to 42ms and 40ms, respectively. 64
scans were collected with a relaxation delay of 1s, giving an experimental time of 3min

30s for each 1D spectrum.
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Figure S5: Expanded area of the 2D 'H-"C U&D spectra of a sample of 0.1M
strychnine dissolved in CDCIs. The pulse sequence of Fig. S4A was applied with a
40ms Gaussian-shaped 180 'H pulse applied on protons (H14, Hlla and H18a)
resonating at 3.15ppm. The experiment was optimized to 8 Hz. 1D slices taken at the
chemical shift of the quaternary C10 and C21 carbons are shown to illustrate the relative
up/down relative phase of each individual cross-peak. 4 scans for each one of the 128 t;

increments were collected giving an experimental time of 10 min.
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I1l.  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 HSQMBC-IPAP and HMBC-IPAP
experiments are experimentally evaluated. We show that accurate values of small proton-carbon coupling constants, "Jcy,
can be extracted even for phase-distorted cross-peaks obtained from a sel[HSQMBC experiment applied simultaneously on
two mutually J-coupled protons. On the other hand, an assessment of the reliability of "Jcy measurement from distorted
cross-peaks obtained in broadband IPAP versions of equivalent HMBC and HSQMBC experiments is also presented. Finally,
we show that HMBC-COSY experiments could be an excellent complement to HMBC for the measurement of small "Jc values.

Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: sel[HSQMBC; proton-carbon coupling constants; HSQMBC; HMBC; IPAP
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Introduction

It is known that the evolution of homonuclear proton-proton
coupling constants (Jyy) during the long defocusing/refocusing
periods in long-range heteronuclear correlation experiments,
commonly referred as HMBC ! or HSQMBC™ experiments, causes
important intensity and phase signal modulation effects. The
resulting complex cross-peak shapes generally make difficult a
simple data analysis that often prevents an accurate and
direct extraction of small proton-carbon coupling constant values
("Jew; n>1). Several approaches have been proposed to solve it.
The first is post-processing techniques trying the optimal matching
between experimental and simulated shapes using a fitting
procedure from a reference cross-peak.>™ This solution has been
widely applied, but it strongly depends on the perfect complemen-
tarity between the reference and the experimental signals to be
fitted. Other proposals are based on modified pulse sequences
with the aim to minimize or avoid the unwanted evolution of
Jun- Improved HSQMBC experiments based on the use of simulta-
neous CPMG-XY16 pulse trains in both 'H and 'C channels
have been proposed, but it has also recognized some associated
inconvenience such as sample heating, offset dependence and
imperfect removing of Jyy effects under strong coupling
conditions.”~” A simpler approach should be the use of selective
180° 'H pulses to prevent any Jyy evolution,® with the EXSIDE®
and selHSQMBC!'® experiments being two powerful examples of
this class of selective experiments for the straightforward
measurement of "Jcy.

On the other hand, it has been shown that the incorporation of the
IPAP principle in HSQMBC experiments affords a powerful technique
for the measurement of "Joy with simplicity and accuracy from the
analysis of the relative displacement between two separate o/ff com-
ponents."%'¥ In particular, the referred 2D selHSQMBC experiment
has been proposed for the fast and direct measurement of "Jcy
coupling values from pure absorption phase multiplets along the
detected F2 dimension." A broadband HSQMBC-IPAP version was
also proposed, where "Jcy could be extracted from distorted cross-
peaks and independent of their complexities.>'*

In this work, the effects of phase modulation due to Jyy in
HSQMBC-IPAP experiments are experimentally evaluated. We want
to clarify if "Joy can be efficiently measured from the resulting
phase-distorted cross-peaks of a sel[HSQMBC experiment applied
simultaneously on two mutually J-coupled protons. On the other
hand, we want to extrapolate these rules in the evaluation of
distorted cross-peaks obtained from broadband IPAP versions of
equivalent HMBC and HSQMBC pulse trains. Finally, a discussion
on the usefulness of complementary HMBC-COSY and HSQMBC-
COSY experiments is made in order to detect and quantify "Jgy, in
a variety of conditions and especially when some expected cross-
peaks are absent in original HMBC/HSQMBC spectra.

Results and Discussion

The pulse sequence of the 2D selHSQMBC experiment is basically
a refocused long-range optimized HSQC experiment where the
central 180° 'H pulses were applied on a single 'H resonance
to avoid any interference from other Jyy coupling constants.!'%
The IPAP methodology is based on the acquisition of two
separate in-phase (IP) and anti-phase (AP) data resulting from
the evolution/no evolution of "Joy during the last refocusing
period. In principle, for a fixed A delay optimization, it would
not be possible to obtain a perfect signal refocusing in IP exper-
iments for the complete range of existing "Jcy values. Thus, for an
isolated long-range coupled C,-H, two-spin system, a mixture of
IP and AP magnetization components is obtained after the last
refocusing INEPT period that usually would result in mixed-phase
cross-peaks:

* Correspondence to: Teodor Parella, Servei de Ressonancia Magnética Nuclear,
Universitat Autonoma de Barcelona, E-08193, Bellaterra, Catalonia, Spain. E-mail:
teodor.parella@uab.cat

Servei de Ressonancia Magnética Nuclear, Universitat Autonoma de Barcelona,
E-08193, Bellaterra, Catalonia, Spain
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o o ., analogous selHSQMBC-COSY experiment."™ An equivalent way
2HCsin(n"Jenld) — 2HcCosin(n"Jenl) *cos(n"Jenld) to achieve this same goal that lead to the same experimental
+ HySinz(T‘nJCHA) M results when applied to an isolated 'H resonance is shown in

Fig. 1(A). A 90° "*C pulse is applied prior to acquisition to convert
the AP contribution to non-detectable multiple-quantum

In the original selHSQMBC experiment,”'® the unwanted AP H,C, coherences:

contribution was removed by converting it into non-detectable
H,C, magnetization using a 90° 'H pulse applied from the y-axis: — 2H,Gysin(n"JepA)*cos(n"Jend) + Hysinz(n"JCHA) (3)

— ZHZCZSin(TE”J(HA)*COS(TEHJCHA) =+ HySin2 (TI:”J(HA) 2)
The complementary AP data are recorded in the same way as
reported previously (by omitting the last 90° and 180° '>C pulses
However, this last 90° 'H pulse could provide "H-"H COSY  marked with ¢ in Fig. 1), and signal intensity will present a sin
transfer if some Jyy modulation is present, as reported in the  (n"JcuA) intensity dependence. One preliminary experimental

A 180sel ¥ W 180sel
(A) aaf|ua| |

1H . m , Or

| | e AnUH'.MMPI.MVAVAVA.

o1 € s(lwwm

"c I 1 5hs]s I
G,

N N A

63 G3 G4G5 G52

Gl

(B)|H |U2 T ‘t-xmy I ‘ym AR yalal““'ﬁ'r
| 8 s 0 g
°C 4_“’&!5 5 |

G3 G3

" I
@1
13
AR A tl
C 1| 2 ‘—’5|8

e \JY G3
s ©6 Gl G2

Figure 1. Pulse sequences for the IPAP versions of the 2D (A) sel[HSQMBC, (B) broadband HSQMBC and HSQMBC-COSY and (C) broadband HMBC and
HMBC-COSY experiments. Rectangular 90° and 180° pulses are indicated by thin and thick black bars, respectively, and "H-selective 180° pulses as shaped
bars. Phases are indicated above the pulses (where no phase is given, the pulse is applied along x). The basic phase cycle was ®;: x,—x; @rec: X,—x. In-
phase (IP: Y=y, ¢=on) and anti-phase (AP: ¥=x, ¢ =off) data are recorded separately and combined in the time-domain (AP + IP) to provide o/f} spectra.
The interpulse delays are set to A=A’ +pgo=1/(2*"Jcy), where pigo is the duration of the selective 180° H pulse. In (B), a BIRD element is inserted during
the initial INEPT period to suppress direct 'Jcy correlations (t = 1/(2*'Je). In (C), direct correlations are attenuated by a two-step low-pass filter (z; and 7,)
optimized as described in Ref. '*). The optional 90° H pulse inserted into a box in (B) and (C) stands for the obtention of COSY-like spectra.
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condition established for an optimal performance of the
sel[HSQMBC experiment was that when multiple protons were
excited, they must not be mutually coupled in order to avoid
any Jyy evolution that would generate phase-distorted
multiplets. First, we have used the pulse sequence of Fig. 1(A)
to study the practical effects associated with the Jy evolution
on "Jcy measurements when two J-mutually coupled protons
are simultaneously excited by the selective 180° 'H pulse. Figure 2
(A) and (B) shows the separate selHSQMBC-IPAP spectra after
individual selection of the geminal H15a and H15b protons in
strychnine (1), respectively. Importantly, all observed cross-peaks
present excellent pure phase multiplets from which a very accu-
rate measurement of "Jcy along the F2 dimension can be easily
made. As a comparison, Fig. 2(C) shows that the simultaneous
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A
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selection of both signals using a shifted laminar pulse in a single
selHSQMBC experiment produce the same results in terms of
sensitivity and performance. Logically, the evolution of their large
mutual coupling (152156 = 14.5 Hz) generates distorted phase
cross-peaks. Thus, considering a three-spin system giving a long-
range cross-peak H2-C1 ("Jc;_p,) and where the H2 proton is also
coupled to a third H3 proton spin with Jy,_p3, the cross-peak
intensity in IP-sel[HSQMBC and AP-sel[HSQMBC data will depend
basically on Eqns (4a) and (4b), respectively:

szsinz (TC”JQ ﬁHzA)*COSZ(TEJHZ,}-BA)
+2H2XH3Zsin2 (TE"JC] —HZA) cos(n.le,H_o,A)*sin (TEJHZ,H3A)
(4a)

(®)
H15a | H15b
|
--“"' —— '-‘"‘n
3.9 3.8 L&
7.8 .
72 58 "
4.7% 31 4 60
= S
~100
-120
120 6.4 ¢ 140
2.5 20 1,5
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Figure 2. Effect of Jyy modulation in selHSQMBC experiments: (A,B) single-frequency excitation and (C) simultaneous dual-site excitation of H15a and
H15b proton resonances in strychnine. Below each 2D spectrum appears 1D traces taken at the C13 carbon frequency. Whereas pure-phase IP and o/f8
components are obtained in (A) and (B), distorted multiplets are obtained in (C) due to the evolution of its mutual Jy. Even so, the extraction on "Jcy can
be made for these distorted o/f cross-peaks and with the same accuracy than the original one-site spectra.
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szCzsin(n”Jg ,HzA)*COSZ<TCJH2,H3A)
+2H2XH3ZCZSin(7thc1 ,HzA) COS(TCJHszgA)*Sin (TEJHZ,H3A)
(4b)

Although both [P and AP signals contain an additional
mixture of in-phase and anti-phase contributions from the
homonuclear Jyy coupling, the «/f cross-peaks resulting from
the IP+ AP combination will present the same relative shift
displacement as found in the separate experiments, and there-
fore, the extraction of "Jy, coupling values will be equally feasible
showing a strong agreement with the values extracted from
individual spectra. The main explanation for such an observation
is that IP and AP data only differ in the eventual application of '3C
pulses, and this does not produce a differential Jy modulation
between them. Thus, IP and AP data will present the same multi-
plet structure and phase with respect to Jyy, and the resulting o/
multiplets will retain equivalent Juy distortions that will allow a
reliable comparison.

Figure 3 shows a practical example of band-selective HSQMBC-
IPAP experiment when only all resonances appearing at the re-
gion between 3.7 and 4.4 ppm are simultaneously refocused. "Jcy
values up to six different signals can be extracted from this single
NMR experiment acquired in the same experimental conditions
and overall acquisition time as described in the spectra of Fig. 2.
Whereas pure phase multiplets are obtained for the non-mutually
coupled H20a, H8, H16 and H12 protons, distorted cross-peaks are
obtained for the geminal H23a/H23b pair that forms a two-spin
AB spin system with a mutual coupling of 2 Ju23a_t230 = 13.8 Hz.
As shown from the 1D traces and despite these phase
distortions, the magnitude of "Jo can be equally extracted by
matching the relative «/f displacement.

A broadband version of the 2D HSQMBC-IPAP experiment
where the effects of Jyy were more pronounced was also
reported.'*' As discussed earlier for the selective version, the
sequence proposed in Ref. ¥ used a last 90°(y) 'H pulse to

remove AP contributions due to "Jc, in the IP data. Strictly speak-
ing, this proposed sequence was an HSQMBC-COSY experiment
because this pulse also acts as a homonuclear 'H-"H COSY
transfer. Here, the possibilities of this experiment are revisited
by proposing IPAP versions of the HSQMBC and HSQMBC-COSY
experiments (Fig. 1(B)). In addition, new pulse schemes for
analog HMBC and HMBC-COSY experiments are also described
(Fig. 1(Q)). Specifically, the only difference between HSQMBC/
HMBC and the relayed COSY counterparts 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 Egns (4a) and (4b), the intensity of a H2-C1
cross-peak in HSQMBC or HMBC experiments will depend
basically on its "Jcq_p; value. Otherwise, if a final 90y(1H) pulse is
applied, COSY transfer between the two protons can be accom-
plished if AP Juy components are available. Thus, the intensity
and phase of a theoretical H2-C1 cross-peak in IP-HSQMBC-COSY
experiments will depend on the additive "Jci_p> and "Jeq_ps
coupling mechanisms:

— szSinz(’RnJm,HQA)*COSZ(T[JHQ,HQA)
+ 2H2XH3ZSin2(T[njc1,H3A)*COS(TEJH2,H3A) Sin(TEJHZ,HgA) (5)

The complementarity between these two approaches is based
on the fact that whereas the intensity of a H2-C1 cross-peak in
the HSQMBC experiment basically depends on the Sin2 ("2
function, some missing cross-peaks can become observable in
HSQMBC-COSY spectra even when "Jc;_y, values are close to 0.
As in HSQMBC, the same main conclusions can be extracted when
analyzing the analog HMBC counterpart, where the main difference
relies in the additional evolution of Jy; during the variable t; period.
The evolution of multiple-quantum coherences introduces
additional distortions into multiplet shapes in both F2 and F1
dimensions although, in practice, this does not affect the "Jcy
measurement via the IPAP principle.
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Figure 3. (A) 2D sel[HSQMBC-IPAP spectra after selective refocusing (with a 12-ms REBURP 180° "H pulse) of the region centered at 4.0 ppm comprising
six different resonances; (B) corresponding 1D slices taken at the C12, C22 and C21 carbon chemical shifts of o/ selHSQMBC spectra. The optimal fitting
between relative shifted o/f cross-peaks allows the measurement of "Jcy;, independently of the phase distortion and multiplet complexity. The mark *
stands for the residual 'Jcy satellite signal arising from H12 proton.

o
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Figure 4 shows the IP spectrum of the 2D broadband
HMBC and HMBC-COSY spectra of 1 acquired with the pulse
schemes described in Fig. 1(C). Basically, we can observe that
some cross-peaks are present in only one of the two spectra. As
discussed before, the evolution of all Jy4 produces high distorted
multiplets that prevent a direct multiplet analysis. However, the
application of the IPAP principle yields two complementary
IP and AP data that after linear time-domain data combination
(AP + IP) followed by conventional processing afford two equally
distorted o/ff multiplets that can be directly analyzed. Figure 5
shows several 1D traces extracted from different carbon frequen-
cies in the spectra of Fig. 4(A) to demonstrate that "Jcy can be
efficiently determined in a variety of situations, for different mul-
tiplet complexities and for a wide range of "Jy values provided
that the peak is observed with reasonable sensitivity. Figure 6
shows an expanded area corresponding to the H15a proton,
where five different correlations can be visualized in the IP and
AP spectra. Note that independent of the degree of distortion
and multiplet complexity, "Jcy; coupling values in the range of
3-8Hz can be easily extracted by comparing the relative shift
displacement between o/ff multiplets in an 8-Hz optimized
experiment.

The percentage of cross-talk obtained from the IPAP procedure
follows the same general [sin(t"Jcpyl) — 11/[sin(R"Jcpl) + 1]
dependence as described earlier."™ In practical terms, this
percentage is not affected by the presence of Jyy modulation,
and reliable measurement of "Jcy; can be made over a wide range
of values. For instance, for a typical 8-Hz optimized experiment
(A=62.5ms), the normalized intensity (and percent of cross-talk)
of an isolated CH cross-peak having a coupling of "Jcy=8Hz
(cross-talk =0%) should be theoretically 1 in comparison with
0.3 for a cross-peak with "Joy=3Hz (cross-talk=28%). This

relatively high level of cross-talk percentage is not an
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Figure 4. (A) HMBC and (B) HMBC-COSY spectra of 1 acquired using
pulse scheme of Fig. 1(C) (without and with the last 90° "H pulse, respec-
tively). Only the refocused IP data, optimized to 8 Hz, are displayed to

visualize the presence of different cross-peaks in both spectra.
Highlighted boxes are discussed in more detail in Figs. 5, 6 and 7.
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Figure 5. Selected 1D slices extracted from different carbon frequencies
in the HMBC-IPAP (Fig. 4(A)). Note that, in general, a global extraction of
"Jen values can be made for all cross-peaks showing optimum signal-to-
noise ratio, independent of their complexity. The marked box covers
the multiplets presented in Fig. 6.

impediment for a reliable measurement as shown, for instance,
for the 3.3Hz value measured experimentally from the tiny
H15a-C12 cross-peak that is in good agreement with the
measurement made from pure-phase o/ selHSQMBC multiplets.
In practice, the major hindrance to experimentally measure a
coupling of 3Hz is the very low sensitivity of the corresponding
cross-peak. The theoretical relative intensity of two peaks with
"Jen=8 and 3Hz on a 6-Hz optimized experiment (A= 83.3 ms)
should be 0.75 (7% cross-talk) and 0.5 (17% cross-talk), respec-
tively, providing a more average behavior in terms of sensitivity
and cross-talk over the complete range between 3 and 9 Hz. Very
importantly, Ju4 modulation can severely affect the intensity of
cross-peak, and this can prevent some measurements. For
instance, a signal having a large "Jcyy =8 Hz and a single homonu-
clear coupling of Jy =8 Hz would give a null intensity in an 8-Hz
optimized experiment. For this reason, sometimes the acquisition
of an additional experiment optimized to another "Jcy value can
be helpful to enhance the observation of tiny or missing cross-
peaks provided that the use of longer periods do not affect the
overall sensitivity by the major effects on T, relaxation.

An alternative to record a second different optimized experi-
ment should be to take profit of the excellent complementarity
between HMBC and HMBC-COSY experiments (Fig. 4(A) vs (B)),
as clearly demonstrated for the different correlations observed
for the H13 proton (Fig. 7). Four cross-peaks are clearly visible
and quantifiable in the HMBC-IPAP spectra. They correspond to
two 2J and two 3/ connectivities showing large J values because
of their sine function intensity dependence. On the other hand,
the HMBC-COSY-IPAP spectra afforded five different correlations,
all showing similar coupling pattern shape. These missed correla-
tions in HMBC corresponding to one %J, two *J and two *J connec-
tivities are due to the additive "Jcy + Juy transfer mechanism. It is
very important to highlight that accurate determination of very
small "Jey values, even smaller than the line width, is possible,
thanks to the IPAP approach. As pointed before, the intensity of

Magn. Reson. Chem. 2013, 51, 509-516
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Figure 6. (A) Expanded 2D areas corresponding to the H15a proton in IP/AP and o/ff HMBC spectra, and (B) 1D phase-twisted cross-peaks taken at
different five carbon frequencies. Despite IP and AP data are too difficult to try a simple multiplet analysis, the relative displacement along the F2
dimension between o/f multiplets allows a direct, fast, simple and accurate measurement of "Jcy. Note that all coupling constant values fall within
the range 3-8 Hz, and they can be measured without the presence of pronounced cross-talking.

these COSY H13-C, cross-peaks does not depend on its direct
"Jurzex coupling but on the additive Jyscx and *Jug_n13 (equal to
10.5Hz) coupling pathway. Note that from the combined infor-
mation of these two spectra, a total of nine different correlations
are observed and efficiently quantified although the method is
not sign sensitive. The concerted use of HMBC and HMBC-COSY
experiments can be a reliable alternative to other proposed
approaches such as the use of different delay-optimized experi-
ments''>'® or the use of accordion spectroscopy.”~2"

Figure 8 compares the different relative sensitivity of the
HMBC/HMBC-COSY with that of HSQMBC/HSQMBC-COSY experi-
ments. In general, it can be stated that HMBC spectra showed a
slightly better general sensitivity than HSQMBC spectra. In
addition, we can say that both approaches show similar comple-
mentarity, and the measured "Jcy values are in good agreement
between them. However, the intensity and phase distortions for
each individual cross-peak will depend on the different Jyy

modulation, and they will show a different partial signal cancella-
tion due to AP contributions in HMBC-like and HSQMBC-like
experiments.

In summary, it has been shown that the phase distortion
caused by Jyy modulation in selHSQMBC experiments is not a se-
rious impediment for their successful performance on mutually
coupled protons. This reinforces its applicability because a single
selHSQMBC experiment is not exclusively limited to a single 'H
resonance. This particularity makes the selHSQMBC far superior
to the analog EXSIDE experiment where the absence of mutual
Jun is a requirement when multiple protons are excited. It has
been shown that the IPAP technique can be successfully applied
in both selective and non-selective versions, providing two
equally distorted spin-state selective multiplets from which "Jcy
can be made measured along the F2 dimension irrespective of
multiplet complexity and phase distortion. In addition, broad-
band HMBC-COSY (or HSQMBC-COSY) experiment proves to be
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J(HH) modulation in HSQMBC-IPAP and HMBC-IPAP experiments
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Figure 7. 2D expanded areas demonstrating the excellent complementarity between (A) 2D HMBC-IPAP and (B) 2D HMBC-COSY-IPAP experiments.
Whereas in HMBC, only the largest couplings from the H13 proton are observed and measured, very small "Jo, values can be extracted in the analog
HMBC-COSY spectra because cross-peak intensities depend on the additional COSY Jiyy transfer and not for the direct "Jcy coupling. The excellent res-
olution achieved in the detected dimension allows the extraction of "Jc; values smaller than line width.
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Figure 8. Comparison of the same 1D slice taken at C12 chemical shift in (A) HMBC, (B) HSQMBC, (C) HMBC-COSY and (D) HSQMBC-COSY IPAP exper-
iments. Note that reliable "Jcy; values can be measured for all cross-peaks presenting good sensitivity.

a helpful complementary tool to the conventional HMBC (or
HSQMBC) experiment because it can highlight some low-inten-
sity and/or missing cross-peaks. The only difference between
both approaches relies in the single application of a final 90° 'H
pulse, and this does not mean an additional penalty on global
sensitivity or additional set-up. The concerted use of HMBC/
HMBC-COSY experiments allows the detection and quantification
of a complete set of "Jcy, and particularly, HMBC-COSY can be a
powerful method to measure very small "Jcy values in quaternary

carbons. All the described methods can be successfully applied to
other heteronuclei making them a powerful and general
approach to measure other heteronuclear coupling constants.

Methods and Materials

All NMR experiments were recorded on a Bruker DRX-500
spectrometer (Bruker, Rheinstetten, Germany) equipped with a

Magn. Reson. Chem. 2013, 51, 509-516
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three-channel 5-mm cryoprobe incorporating a z-gradient coil on a
0.1 m solution of strychnine, 1,in CDCl. 2D "H-"3C IP-xHSQMBC and
AP-HSQMBC experiments were separately recorded as described in
Fig. 1 by using a repetition delay of 1s between the subsequent
transients and the interpulse delays that were optimized to 8 Hz
(A=A+pigo=1/2*"Jcy;, Where pigo is the duration of the selective
180° 'H pulse). For selective refocusing in selHSQMBC experiments, a
Gaussian-shaped 180° pulse of 20ms duration (p1g,) and a REBURP-
shaped pulse of 12 ms were applied in Figs 2 and 3, respectively.
Sine bell-shaped gradients of 1ms duration (5) were used,
followed by a recovery delay of 100ps. The gradient ratios
described later are measured as percentage of the absolute
gradient strength of 53.5G/cm. In selHSQMBC and broadband
HSQMBC/HSQMBC-COSY experiments, the gradients were opti-
mized to G1:G2:G3:G4:G5=80:20.1:11:50:17. In broadband
HMBC/HMBC-COSY experiments, the gradients were optimized
to G1:G2:G3:G4:G5=40:—-40:20.1:15:—10:—5. To minimize
direct response cross-peaks, a BIRD element (optimized to
140Hz; 7=1/(2*'Jcp) =3.6 ms) was placed into the initial INEPT
block of HSQMBC experiments (Fig. 1(B)), whereas a dual-step
low-pass Jilter element (delays t and 7’ were optimized as
described in Ref. ! setting "Jepmax and Jepmin to 160 and
130 Hz, respectively) was used in HMBC experiments (Fig. 1(C)).
All experiments were acquired and processed using the echo/
anti-echo protocol. Four scans were accumulated for each one of
the 128 t; increments, and the number of data points in the
acquisition dimension was set to 4096. The overall acquisition time
for each IP and AP data was about 12 min, which were added/
subtracted in the time-domain to provide spin-state selective data.
Prior to Fourier transformation of each data, zero filling to 1024 in
F1, 8192 points in F2 and a squared-cosine-bell function in both
dimensions were applied. Spectral windows of 22 500 Hz in the F1
dimension and 2000 Hz in selective experiments and 4500 Hz in
broadband versions in the detected F2 dimension were used.
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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
guaternary 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.
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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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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).
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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

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 “JC(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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2D cross-peak. The sign and the magnitude of proton-proton coupling constants are measured along
the direct dimension from the relative E.COSY-type multiplet pattern displacement due to the passive
one-bond coupling constant splitting generated in the indirect dimension. On the other hand, long-range
proton-carbon coupling constants are independently determined in the detected dimension from a
traditional fitting analysis of antiphase multiplet patterns or, more conveniently, from the IPAP multiplet
displacement obtained from extended HSQMBC experiments.
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1. Introduction

The determination of homonuclear and heteronuclear coupling
constants is of prime importance in the structural and conforma-
tional studies of molecules in solution. Not only do J-couplings
contain information about chemical connectivity, they also contain
structural information as known for the typical Karplus-like
dependence that exhibits 3] vs dihedral angles. In addition, it has
well been recognized during the last years that residual dipolar
couplings (RDCs), as measured by solution state NMR, carry impor-
tant structural information regarding internuclear vector orienta-
tion relative to the principal axis system of the molecule’s
alignment tensor [1].

Homonuclear proton-proton coupling constants, J(HH), can
usually be determined by a variety of simple NMR methods, but
the precise measurement of heteronuclear small long-range
("J(CH); n> 1) has not been so evident [2,3]. HSQC-TOCSY experi-
ments becomes a sensitive and accurate approach to provide both
the sign and the magnitude of "[(CH) for protonated carbons [4-6].
On the other hand, NMR pulse schemes mainly based on the HMBC
and HSQMBC experiments have been widely accepted to deter-
mine them on quaternary carbons [6-8]. However, the major
inconvenient of this latter approach is the need for a post-process-
ing fitting procedure by using the shape and intensity of signals

* Corresponding author at: Servei de Ressonancia Magnética Nuclear, Universitat
Autonoma de Barcelona, E-08193 Bellaterra, Barcelona, Spain.
E-mail address: teodor.parella@uab.cat (T. Parella).

1090-7807/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jmr.2012.09.007

simultaneously [6,9] to analyze the anti-phase nature of each
multiplet pattern and the accuracy of the measurement is often
questioned. Recently, IPAP versions have been suggested to avoid
this fitting analysis by recording a series of refocused HSQMBC
experiments to obtain complementary In-Phase (IP) and Anti-
Phase (AP) data that are suitable to provide simplified spin-state
selective multiplets after data addition/subtraction [10-13]. In this
way, accurate and direct measurement of "J(CH) can be made with
simplicity even for complex multiplets. This IPAP approach has
been also proposed to measure carbon-carbon coupling constants
[14,15].

In addition to the IPAP technique, other different NMR ap-
proaches have been proposed to extract homo- and heteronuclear
coupling constants from heteronuclear correlations experiments
as, for instance, the elegant E.COSY (Exclusive Correlation Spectros-
copY) principle [16]. The major advantages to analyze E.COSY-type
multiplets are: (i) very easy interpretation; (ii) are suited equally
well for the measurement of small and large coupling values, (iii)
it provides information about the sign analyzing the relative slope
of cross peaks components, (iv) works well even for coupling con-
stants smaller than the NMR line width, (v) J values are measured
from the direct dimension where good resolution requirements are
more easily reached. Several E.COSY-type methods have been
proposed for the simultaneous measurement of different scalar
and residual dipolar couplings in small molecules. For instance, a
simple and sensitive P.E.HSQC experiment, closely related to a fully
coupled non-refocused HSQC pulse scheme, has been proposed to
determine the sign and the magnitude of one-bond proton-carbon
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(YJ(CH) and 'D(CH)) and two-bond proton-proton (})(HH) and
2D(HH)) coupling constants from a single 2D spectrum [17].
Recently a spin-flip HSQC experiment has also been proposed for
the simultaneous measurement of J(HH) and "J(CH) [18]. Although
this later technique is a proton-selective method that only works
for protonated carbons, it has been proved that the addition of
accurate long-range CH RDCs can significantly improve the
structural discrimination power in complex small molecules with
multiple stereogenic centers.

In what follows, we show a variant of the mentioned P.E.HSQC
experiment, referred here as P.E.HSQMBC, for the simultaneous
and accurate measurement of multiple J(HH), 'J(CH) and "J(CH)
coupling constants. In this long-range 'H-'3C correlation experi-
ment, the large heteronuclear 'J(CH) coupling constant is em-
ployed for separating two multiplet patterns along the indirect
F; dimension while homonuclear HH couplings can be accurately
measured from their relative E.COSY-type displacements in the de-
tected F, dimension. The experiment closely relates to the XLOC
experiment, a long-range correlation experiment designed to mea-
sure J(HH) in a similar E.COSY way [19-21]. Furthermore, we also
present and discuss several options to extract "J(CH) values at the
same time and it will be shown that both E.COSY and IPAP
principles can be implemented into the same pulse scheme to
simultaneous measure different coupling constants from the same
2D multiplet with an extreme simplicity.

2. Results and discussion

Three different NMR pulse sequences suitable for an E.COSY
version of the HSQMBC experiment are presented in Fig. 1. They
combine the main features of three different older methods in a
single experiment: (a) the accurate measurement of 'J(CH) along
the indirect dimension from F1-coupled HSQC schemes [22-25];
(b) the sign-sensitive measurement of 'J(CH) and ?J(HH) in E.COSY
multiplets as reported in the P.E.HSQC experiment [17], and (c) the
precise measurement of "J(CH) using the IPAP technology in sel-
HSQMBC experiments [11]. For the present work, we have chosen
the general application of selective 180° 'H pulses as a refocusing
element in the INEPT block because this affords pure-phase multi-
plets and completely avoids any signal modulation due to J(HH).

The simplest pulse sequence is essentially a small-flip-angle
non-refocused HSQC experiment where all CH coupling constants
evolve freely during the entire t; period and the read 'H pulse be-
fore acquisition is set to f=36° to achieve simplified multiplet
structure. As described in the original P.E.HSQC experiment [17],
instead of the long phase cycling schemes used in classical exper-
iments, a simple small-angle pulse is used to generate the E.COSY-
like pattern (Fig. 1A). In order to explain how pulse sequences work
and describe the nature of multiplets generated in the proposed
P.E.HSQMBC experiment, we concentrate the description on a
heteronuclear three-spin system involving two active (H2 and
C1) and a single passive (H1) spins (Scheme 1). These active spins
having a long-range "J(H2-C1) coupling determine the position of
the cross-peak multiplet at (6(H2), 5(C1)) which consists of two dif-
ferent components separated by the large J(H1-C1) splitting along
the F1 dimension. The magnitude and the sign of the J(H2-H1)
coupling constant can be easily extracted comparing the relative
displacement and the slope, respectively, between these two
different rows in the detected F2 dimension (Fig. 2A). On the other
hand, each row component of these E.COSY multiplets will present
the characteristic antiphase pattern with respect to "J(H2-C1) and
pure in-phase character with respect all passive J(HH) couplings.
The magnitude of "J(H2-C1) must be extracted using well-
established fitting algorithms that will not be discussed in detail
here [6-9].
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A modified P.EEHSQMBC version in where a BIRD" cluster is
incorporated into the carbon evolution period to suppress un-
wanted "J(CH) contributions in the indirect dimension is shown
in Fig. 1B. This option also offers the possibility to scale the
1J(CH) splitting by a scaling factor k that strongly minimizes the
resolution requirements and the number of t; increments to be ac-
quired. This approach becomes particularly useful to obtain well
defined multiplets in the indirect dimension that lead to precise
measurement of scalar 'J(CH) and/or dipolar 'D(CH) values for
weakly aligned samples. In analogy to the above description, this
version also provides two separate cross peaks separated by
k* 'J(CH) in the F1 dimension whereas "J(CH) present the same
AP features described above (Fig. 2B).

Finally, a refocused P.E.HSQMBC version has been developed to
facilitate the measurement of "J(CH) using the IPAP technique
(Fig. 1C). Filtering the downfield and upfield doublet components
into separate spectra is a successful concept to avoid the tedious
analysis of anti-phase multiplets. This version can be understood
as a F1-coupled analog of the recently proposed selHSQMBC exper-
iment and although it suffers of a worse sensitivity due to the
additional refocusing period, the magnitude of "J(CH) can be ex-
tracted more accurately by the analysis of relative displacement
of a/p cross-peaks in the detected dimension (see Fig. 2C). This
more user-friendly method combines the principles of E.COSY
and IPAP methodologies into a single NMR experiment whereas
retains all the benefits described for the original sel[HSQMBC
experiment [11].

Several details about sensitivity, multiplet patterns and relative
pulse phases must be highlighted in order to explain the observed
experimental data. Very importantly, two different mechanisms
are present in the basic pulse scheme of Fig. 1A. First, the tradi-
tional pathway generated from the initial 'H Boltzmann magneti-
zation through the initial proton-selective INEPT transfer leads to
two observable terms at the end of the t; period:

2HyyCy; SIN(7 1 4) €OS(Mpo_c1t1) COS(MWyy_cit1) (1a)

2H1yCy; SIn(Tyo—c1 4) SIN(Typ_cyth) SIN(T gy 1) (1b)

Thus, two different cross-peaks at §(C1) appear showing pure
anti-phase character with respect to J(H2-C1) in the F2 dimension:
(i) a long-range H2-C1 correlation showing in-phase 'J(CH) pattern
and (ii) a direct H1-C1 cross-peak showing anti-phase 'J(CH) pat-
tern in the F1 dimension. The number of lines in the indirect
dimension will depend on carbon multiplicity: CH appears as dou-
blets, CH, as triplets and CH; as quartets with their 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 4 delay and the selective proton pulse, in the
form of the following term:

2H1y Gy, sin(7yy_cit1) (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 INEPT block and therefore,
the measurement of the sign and the magnitude of all 'J(CH) and
2J(HH) couplings can be performed as exactly described for the reg-
ular P.E.HSQC experiment [17].

These two different pathways can be separately obtained by a
proper phase cycling of the 90° proton pulse labeled with ¢, phase.
Thus, the separate acquisition of two complementary data ac-
quired with the pulse scheme of Fig 1A and with ¢,=y and
¢» = —y afford the same spectrum but with inverted phase for com-
ponents coming from INEPT transfer (Fig. 3A and B, respectively).
Conventional data addition/subtraction affords independent
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during the variable evolution t; period; (c) refocused IPAP version based on the separate acquisition of In-Phase (IP:¢ = on) and Anti-Phase (AP:¢ = off) data that are further
combined to provide separate o- and B-P.E.HSQMBC spectra. The interpulse delays are optimized to A4 + pigo = 1/(2 * "J(CH)) and 4’ = 1/(2 * }J(CH)). é stands for the duration of
each gradient and the recovery delay. The minimum phase cycle is ¢; = x,—x and ¢, = x,—x. See text for the importance of the phase ¢,: it is set to ¢, =y for non-editing and
¢2=y.y,—y,—y for editing of P.E.HSQC and P.E.HSQMBC data. Gradients G1 and G2 are used for coherence selection using echo-antiecho protocol, G3 and G5 are used for
proper refocusing and G4 for zz-selection.

J(H2-H1)

.t o

nj(H2-C1)

P.E.HSQC (Fig. 3C) and P.E.HSQMBC (Fig. 3D) spectra. Otherwise,
the corresponding P.E.HSQMBC spectra could also be obtained di-
rectly by performing the subtraction during acquisition by apply-
ing a four-step phase cycling with ¢, =y,y,—y,—y. In this case, a
90°('3C)-gradient element just before the initial 90° 'H pulse helps
to efficiently remove unwanted '>C Boltzmann contribution.
P.E.HSQC data are analyzed exactly as described in the original

lJH1-C1)

Scheme 1. Schematic representation of the spin-coupling networks involved in the
simultaneous determination of ‘J(CH), J(HH) and "J(CH). The blue arrow indicates
the active H2-C1 coupling which is essential for coherence transfer. The desired
E.COSY multiplet structure is caused by the large splitting of 'J(H1C1) due to the
spin passive H1 along the indirect dimension. Fig. 2 summaries the multiplet
patterns obtained from each proposed experiment and how couplings can be
measured. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

experiment and no more details will be given here. On the other
hand, Fig. 4 shows an expansion of the column corresponding to
the H15b proton in the P.E.HSQMBC spectrum. The direct correla-
tion, that is visible because the selective pulse also excites the
satellite lines, shows pure in-phase character in the indirect F1
dimension. It is clearly shown that is possible to differentiate the
corresponding active 'J(H15b-C15) and the passive 'J(H15a-C15)
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Fig. 2. (A-C) Schematics representing the expected multiplet patterns obtained from sequences of Fig. 1A, B and C, respectively. Filled and open circles represent multiplet
components with opposite phase. In all cases, J(HH) is measured from the E.COSY pattern. On the other hand, "J(CH) must be extracted from the analysis of anti-phase
multiplet patterns in the same row (in A and B), or from the relative displacement between two components that are separated in two separate spin-state selected spectra
(see C).
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Fig. 3. General scheme to obtain separate P.E.HSQC and P.E.HSMBC spectra after selective refocusing of H15b proton (resonating at 2.35 ppm) of strychnine using the scheme
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spectra are obtained to determine 'J(CH), J(HH) and "J(CH). The scaling factor was set to k =3 and the experiment optimized to 8 Hz.
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Fig. 4. Expanded region of the P.EHSQMBC spectrum showing the column
corresponding to the H15b proton (see Fig. 3D). Note that from the direct
correlation, the relative sign between 2J(HH) and 'J(CH) can be obtained. From
the other cross-peaks the sign and magnitude of *J(HH) can be extracted. The
analysis of an specific row for the direct determination of "J(CH) is not advisable due
to an overestimation and a conventional fitting procedure is required.

in diastereotopic CH spin systems as well as to the sign and mag-
nitude of the geminal and passive J(H15b-H15a) coupling value.
Additional H15b cross-peaks are also observed for the methines
C14, C13 and C16 carbons and for the quaternary C7 carbon. The
well-resolved doublets in F1 for each CH cross-peak evidences
the relative displacement between them along the F2 dimension,
allowing the measurement of both magnitude and sign of the
corresponding J(HH) as a function of the observed signal tilting.
On the other hand, each individual row displays a pure anti-phase
pattern with respect to the active "J(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 IPAP principle
is proposed (Fig. 1C) for a much better and more user-friendly
measurement on "J(CH). Fig. 5 illustrates the experimental protocol
to acquire, to process and to analyze these P.E.HSQMBC data taking
the H15b-C16 cross-peak as an example. Two complementary IP
and AP data are separately acquired as shown in Fig. 5A and B,
respectively. Although J(HH) could already be measured in any of
these spectra from the E.COSY pattern, the extraction of "J(CH)
would usually require an individual fitting analysis for each
cross-peak. Sum and difference data (Fig. 5C and D) contain only
the upfield and downfield components of the active doublet which
makes it possible the straightforward measurement of "J(CH) by
analyzing the relative displacement between them. However, in
analogy to the regular selHSQMBC experiment the sign informa-
tion of "[(CH) is not available from this analysis. In our hands,
the use of a scaling factor of k = 3 is a good compromise to clearly
resolve 'J(CH) multiplet components in the indirect dimension
using 256 t; increments. On the other hand, the non-equivalence
between IP and AP data can afford undesired J-cross talk contribu-
tions that can introduce some error in the measurement. The use of
an individualized scaling k’ factor in the form of AP + k’ x IP can be
used to correct them. The tolerance on these cross-talk effects has
already been discussed previously [10,11].

A limitation of the proposed experiments is its H-selective nat-
ure and therefore multiple experiments should be needed for a glo-
bal determination of coupling values in a molecule. However, the
extraction of "J(CH) from multiple protons can be simultaneously
obtained by applying the principles of multiple-site or band-selec-
tive excitation. Fig. 6 shows an example after selective refocusing
of several protons that are not mutually coupled and acquired un-
der the same experimental conditions as described in Fig. 3.

In summary, it has been shown that the concepts of J-resolved,
E.COSY and IPAP principles can be mixed all together into the same
pulse scheme in order to measure multiple coupling constants
from a single 2D cross-peak analysis. We have developed a method
that leads to the accurate measurement of both J(HH) and "J(CH)
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Fig. 5. Expanded areas corresponding to the H15b-C16 cross peak in the IPAP-selHSQMBC-E.COSY experiment acquired with the same experimental conditions as discussed
in Fig. 3 and using pulse scheme of Fig. 1C. Two different data are acquired using the IPAP principle: (A) IP with the phase of ° pulse set to y and applying the pulses labeled
with ¢ (on); (B) AP with the phase of ° pulse set to x and omitting the pulses ¢ (off). Time-domain data addition/subtraction followed by conventional processing afford
complementary (C) o- and (D) B-selHSQMBC-E.COSY spectra from which the "J(CH) value can be directly extracted in a simple way by analyzing the relative left/right

displacement of signals in the F2 dimension.
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Fig. 6. Example showing the advantage to use multiple-site selective excitation in
the P.E.HSQMBC experiment using shifted laminar pulses of non-mutually coupled
protons. Different protons (H4 (8.15 ppm), H22 (5.9 ppm) and H11a/H18a/H14 (all
three resonating near to 3.15 ppm)) were simultaneously refocused using a 40 ms
Gaussian-shaped 180° proton pulse. The 2D spectrum corresponds to the In-Phase
(IP) data and the inset shows the separate o/B data corresponding to the H11a-C12
cross peak.

from the high resolution obtained in the detected dimension
whereas 'J(CH) is precisely resolved in the indirect dimension.
The proper combination of multiple proton excitation and non-
uniform sampling can allow a faster measurement of all these cou-
plings in small and medium size molecules. Alternatively, the
experiment could be also implemented in a broadband mode,
using for instance a CPMG-BIRD element instead of the selective
INEPT block [26-28]. However, complete suppression of proton-
proton coupling evolution and undesired sample heating remains
to be solved. Much work is in progress to extrapolate all these con-
cepts to the simultaneous measurement of the sign and magnitude
of different types of heteronuclear coupling constants.

3. Methods and materials

All NMR experiments have been recorded on a BRUKER DRX-
500 spectrometer equiped with a 3-channel 5-mm cryoprobe
incorporating a z-gradient coil on a sample of 25 mg of strychnine,
1, dissolved in 0.6 ml of CDCl5. All experiments were optimized to
8 Hz, that means that "J(CH) evolves during a period of A + pgo =1/
(2 % "cu); where pigo is a selective 180° 'H pulse. A Gaussian-
shaped 180° pulse of duration of 20 ms (p;gp) was used as a selec-
tive refocusing. The recycle and the interpulse BIRD" (4'=1/
(2 = J(CH)) delays were set to 1 s and 3.6 ms, respectively. An scal-
ing factor k = 3 were used. Sine bell shaped gradients of 1 ms dura-
tion (6) were used, followed by a recovery delay of 100 ps. Gradient
ratios for G1:G2:G3:G4:G5:G6 were 80:20.1:33:50:11:17, mea-
sured as percentage of the absolute gradient strength of 5.35 G/cm.

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

2D 'H-'3C IP and 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
data was about 26 min which were added/subtracted in the time-
domain without any scaling factor to provide spin-state selective
data. Finally, the same conditions were applied for the spectra
shown in Fig. 6 except for the selective refocusing. A 40 ms multi-
ple-site pulse applied to three different frequencies was automat-
ically generated using the shape tool package included into Tospin
software (see captions for more details).
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I1l.  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 NMR experiment to provide spin-
state-edited 2D cross-peaks from which a simultaneous measurement of different homonuclear and heteronuclear coupling
constants can be performed. A new J-sel[HSQMBC-IPAP experiment is proposed for the independent measurement of two
different "J(CH) coupling constants along the F2 and F1 dimensions of the same 2D cross-peak. In addition, the E.COSY
pattern provides additional information 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 structural and conformational information on mole-
cules in solution.™ In particular, during the last decades, many
research groups have contributed to the development of NMR
methods capable for the measurement of long-range proton—
carbon coupling constants ("J(CH); n> 1) in small molecules at
natural abundance.”! However, these determinations have posed
a challenge in terms of data analysis and interpretation,
which has often hindered a quick and accurate measurement of
"J(CH) with simplicity.

Many years ago, the concept of J-resolved spectroscopy
was introduced to separate the information of chemical shifts
and J-multiplet structure in different dimensions of a
multidimensional NMR spectrum. This was successfully applied in
the pioneering '*C-detected spin-flip experiment, where "J(CH)
values were clearly determined from clean doublets that originated
in the indirect F1 dimension of a heteronuclear 2D selective
J-resolved experiment.”®! Recently, this selective heteronuclear
echo has been introduced into the HSQC 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 J-resolved versions of the 2D HMBC and heteronuclear
single-quantum multiple-bond connectivity (HSQMBC) experi-
ments have also been proposed to measure "J(CH) from the
splitting that originated in the F1 dimension,”” the popular
excitation sculptured indirect detection experiment (EXSIDE)
experiment being one of the most accepted methods.'® Spin-
state selective methods based on the E.COSY and in-phase/
anti-phase (IPAP) principles are also important NMR approaches
applied in the determination of heteronuclear couplings from
simplified multiplet structures. E.COSY uses the editing features
of a passive spin to spread out the J information into the F1
dimension, allowing the measurement of small magnitudes as
well as of the sign of different coupling values from the same
multiplet.”] On the other hand, the IPAP methodology is an

elegant solution to clearly distinguish the «/ff components of a
multiplet in separate spectra.’! Recently, it has been demon-
strated that the IPAP implementation into selective HSQMBC
(selHSQMBC) experiments facilitates a rapid and very simple
determination of "J(CH) values from high-quality spectra, with-
out interference of homonuclear couplings.”’ A suite of related
selHSQMBC-IPAP experiments have been designed by us to
expand the powerful and applications of such promising meth-
odologies even for complex, broad and low-resolved proton
multiplets "% Thus, selHSQMBC-IPAP and EXSIDE experiments
are analog tools because they can measure the same "J(CH)
parameter along the F2 and F1 dimensions, respectively. With
this in mind, we propose a new J-selHSQMBC-IPAP experiment
(Fig. 1) that includes the main features offered in both
sel[HSQMBC-IPAP and EXSIDE experiments into the same multi-
plet pattern (Fig. 2). It will be demonstrated that the concerted
implementation of IPAP, E.COSY and J-resolved concepts into
the same experiment allows the simultaneous measurement of
several HH and CH coupling constants from simplified multiply
edited 2D cross-peaks.

Results and Discussion

We show here that the incorporation of the selective J-resolved
concept into the selHSQMBC-IPAP experiment, where "J(CHp)
from a selected Hp proton is measured along the F2 dimension,
allows the independent and simultaneous measurement of an
additional "J(CHg) coupling value from a different Hg proton
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along the orthogonal F1 dimension. Experimental details such as
'3C frequency labeling, coherence selection using pulsed-field
gradients (PFGs), interpulse delays optimization, further IPAP
combination to obtain separate o/ff data or the alternative use
of multiple-site or region selective excitation are exactly
performed as in the original selHSQMBC experiment, and not
many additional comments will be included. The pulse sequence
starts with a selective INEPT transfer where the central 180°
"H pulse is applied selectively to a chosen H, proton resonance.!'?
In this way, any undesired J(HH) evolution is avoided, and only
"J(CH,) evolution takes place in the form of sin(z"J(CHA)A"). As
an essential feature, a "J(CH)-scaling element (marked with a
box in Fig. 1) is applied on a different selected Hg proton during
the evolution of the transverse '>C magnetization.”"®! Thus,
whereas '>C chemical shift is codified in the usual way during
the subsequent t; period, signal is also modulated by a cos
(n"J(CHp)kt;) factor that will cause an IP splitting because of
k*”J(CHB) in the F1 dimension. The last step is a reverse INEPT
applied under the same conditions as the initial step but
employing selective 90° and 180° pulses on Ha proton to
provide characteristic E.COSY-like transfer.'*

"J(CHy)

[3) "J(CHg)

Hg

180°sel 180°sel o0%sel 180°sel
[V (8) w @
w [l 0] e
@ €
°c |5 I mmlmm . 'I‘ s I
G,
G663 ] G465 GGz

Gl

Figure 1. Schematic magnetization transfer pathway and pulse scheme
for the 2D J-selHSQMBC-IPAP experiment. 'H-selective 90° and 180°
pulses were applied on different Hy or Hg protons as indicated. Acquired
in-phase (IP: W=y, ¢=on) and anti-phase (AP: ¥=x, ¢=off) data are
combined (AP £1IP) to provide o/ff spectra. Interpulse delays are set to
A'=2A+p180(sel) = 1/(2*"J(CHa)). The "J(CHg)-scaling factor during the
t; period is given by k. More details in the experimental section.
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Figure 3. Schematic illustration on the multiplet patterns obtained in
J-sel[HSQMBC experiments. (A) IP and (B) AP data are acquired and
combined to provide separate (C) o- and (D) f-edited J-selHSQMBC
spectra from which the measurement of "J(CHp) can be accurately
made along the detected dimension, whereas "J(CHg) and J(HaHg)
are extracted from the E.COSY pattern.

The IPAP principle relies on the acquisition of two complemen-
tary in-phase (IP) and anti-phase (AP) data (Fig. 3). The acquired
2D cross-peak would show pure IP properties along the direct
F2 dimension with respect to all J(HH) and IP (Fig. 3A) or AP
(Fig. 3B) patterns with respect to the active "J(CH,) as a function
of the two "3C pulses marked with ¢ in the last INEPT period. Sub-
sequent time-domain data combination (AP =+ IP) affords two
separate «/f subspectra (Figs. 3C and 3D) from which "J(CHa)
can be easily extracted by analyzing the relative left/right
displacements along the F2 dimension where resolution is not
critical. In addition, each correlation can also show an additional
doublet with an apparent k*"J(CHg) splitting in the F1 dimension.
Thus, two independent "J(CH,) and "J(CHg) coupling constants
on the same carbon can be independently measured from
the analysis of a single 2D cross-peak. Moreover, additional infor-
mation about J(HaHg) and the relative sign between J(HAHg) and
"J(CHg) can also be extracted from the E.COSY pattern generated
by the passive Hg proton.

Figure 4 shows the experimental IP, AP and o/f J-sel[HSQMBC
spectra after selective refocusing of the Hys, proton of strychnine,
1, in both defocusing/refocusing periods and inverting its gemi-
nal Hisp proton during the independent k*t; period. Fig. 4A
shows pure IP multiplets with respect to both J(HH) and "J(CH),
whereas Fig. 4B shows multiplets with complex phase because
of the AP nature with respect to "J(CH;s,) in the F2 dimension.
The measurement of different "J(C,H;s,) values along the F2
dimension is easily performed by analyzing the relative

selHSQMBC-IPAP + EXSIDE - J-selHSQMBC-IPAP
J(HB-HA) J(HB-HA)
J(C-HA) .
0% e i b130) &gy L513c)
J(HB-HA) I
.s{}'m) 6(;0\) s\'('HA)

Figure 2. Multiplet patterns obtained in (A) selHSQMBC-IPAP, (B) EXSIDE and (C) J-selHSQMBC-IPAP experiments. Black and grey contours in IPAP

experiments stands for separate « and f§ subspectra.
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Figure 4. Expanded column corresponding to the 2D J-selHSQMBC-IPAP
spectra after selection of H;s, proton and using the geminal Hs;, proton
as a passive spin. (A) IP and (B) AP data, which were co-added/subtracted
in the time domain and further processed using conventional parameters
to yield spin-state selected (C) « and (D) f8 spectra. The arrows indicate the
relative sign of the passive "J(C,H;sp) coupling taking the negative
geminal J(H;s,H15p) coupling as reference.
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frequency displacement between o/f cross-peaks in Figs. 4C and
4D, respectively. It is worth mentioning that «/f spectra yield
more simplified multiplet structures with characteristic positive/
negative E.COSY tilts that facilitate the direct measurement of
the magnitude and the relative sign of the involved "J(CH;sp)
and 2J(H;s.H;sp) couplings.

The improved editing and the additional information obtained
with the extended J-sel[HSQMBC-IPAP versus the original
selHSQMBC-IPAP experiment when a third Hg spin comes in are
illustrated in Fig. 5. The advantages of the IPAP principle are fully
retained in both experiments, and "J(CH;s,) values in the range of
3-8 Hz can directly be measured with minor cross-talk effects
from the high-resolved F2 dimension in 8-Hz optimized experi-
ments (see fig. 8 in ref. 9). IPAP measurements along the F2
dimension do not require a great number of t; increments, and
sel[HSQMBC data of Fig. 5A have been obtained in a relatively
short acquisition time using only 64 t; increments. In contrast,
an increased number of t; increments are usually required for
the measurement of small "J(CH) coupling values along the F1
dimension in the J-sel[HSQMBC experiment (Fig. 5B), lengthening
experiment time. The excellent dispersion originated by the large
2)(H1saH150) = —14.5Hz coupling allows additional measurements
of small "J(C,H,sp) splittings in the range of 1-4 Hz using a
scaling factor of k=50 and 256 t; increments. Note that these
small couplings, ranging from 1.5 to 3.9 Hz obtained, are diffi-
cult to be measured from traditional HMBC/HSQMBC experi-
ments, mainly because signal intensities depend on the sine
function. As an important feature of the J-selHSQMBC experi-
ment, not only the magnitude but also the sign can be obtained
with optimum sensitivity.

The excellent multiplet dispersion achieved by the double J-
editing along the "H dimension is evidenced analyzing 1D traces
(Fig. 6). For instance, the complex pure IP multiplet obtained from
the original sel[HSQMBC experiment (Fig. 6B) for both resolved
(H15a) and non-resolved (H16) 'H multiplets can be efficiently
spread out to four well-defined components (Figs. 6C-6F) from
which "J(CH) and J(HH) values can be accurately measured along

g N~ —_— \— ppm
45 | J(C13H15a)=7.8Hz Las
& - S——— J(C13H15b)
13 @:‘m——s +3.9Hz
e
cr7 TS T2 +15Hz
55 J(CTH15b)
c16 80, 221z
J(C16H15b)
65 r ‘ " -85
14 ppm 440 ppm
J(C16H15a) J(H15a-15Hb)
4.8Hz -14.5Hz

Figure 5. Comparison between 8-Hz optimized (A) 2D sel[HSQMBC versus (B) 2D J-selHSQMBC experiments after selective refocusing of H;s, proton.
The different o/ spectra are vertically shifted to visualize the relative shift along the horizontal dimension. "J(C,H;s,) coupling values between 3 and
8 Hz are easily measured with excellent accuracy along the F2 dimension. In panel (B), the geminal H; 5, proton was selected as a passive spin. The large
J(HH) causes very good dispersion of the E.COSY pattern that allows the measurement of small "J(C,H,5p) values along the F1 dimension.
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Figure 6. (A) Conventional 'H, (B) IP from the selHSQMBC and (C-F) the
four edited J-selHSQMBC multiplets extracted from H15-C7 and H16-C14
correlations.

the detected dimension. On the other hand, Fig. 7 shows some
2D J-sel[HSQMBC-IPAP cross-peaks corresponding to the three-
bond H16-C14 correlation after selection of several passive Hy
protons. It is a good example showing how accurate measure-
ments of J(HH) and "J(CH) can be performed even from poorly
resolved "H multiplets. Whereas IPAP works fine in all cases to
determine 3J(Cy4H;¢) =64Hz, the efficient measurement of
additional J(C;4H,) values along the F1 dimension in the range of
2-10 Hz is also performed using a moderate number of t; incre-
ments (256 in this case) even in cases with small HH dispersion. In
addition, the E.COSY pattern allows the measurement of J(HH)
values even smaller than the line width and the determination of
the relative sign between "J(C;4H,) and J(H¢H,) when comparing
relative positive/negative slopes within the same column.

For small molecules, the differential relaxation between IP and
AP data can be considered minimum, and the major cross-talk
contribution is mainly due to the mismatch between the
optimized A’ delay and the experimental "J(CH) values. A detailed
discussion and a theoretical prediction on the percentage
of cross-talk have been already described in the original
selHSQMBC-IPAP experiment.” Alternatively, two different
options were proposed to certify the accuracy in such

H16

J(Hx-C14)
o
405
H22 20a
J(H16-Hx) <0.2 0.3
J(Hx-C14) 9.8 6.4

measurements: (i) the use of individualized scaling factors (AP +
k*IP) and (ii) a data validation process from the individual analy-
sis of the acquired IP and AP data and further comparison with
the IPAP results. To demonstrate the accuracy of our measure-
ments, Table 1 compares the values extracted from the IPAP,
J-resolved and E.COSY patterns in Figs 4-7 with those mea-
sured from the sel[HSQMBC-IPAP and sel[HSQMBC-TOCSY-IPAP
experiments previously published by our group, and also with
other experimental data."-?¥ It is shown that the IPAP technique
provides values of the same order as those published by all these
other methods. Moreover, the largest uncertainties come from
the J-resolved technique because of the lower resolution achieved
in the indirect dimension, as recognized for the EXSIDE and J-HMBC
experiments.

In summary, a new NMR experiment that incorporates all the
features and advantages described for the popular selHSQMBC
and EXSIDE experiments has been proposed to obtain multiple
and accurate information about small homonuclear and
heteronuclear coupling constants. Two different "J(CH) values
are determined 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 associated to the E.COSY
pattern facilitate the analysis and expand the possibility to obtain
additional information about the magnitude and relative signs of
J(HH) and "J(CH). The most demanding experimental require-
ment is the high resolution needed along the F1 dimension,
but this could be partially relieved and improved by the use of
several techniques such as spectral folding and carbon-selective
excitation™ or the use of non-linear sampling in the indirect
dimension as demonstrated for the fast and precise measurement
of 'J(CH) in weakly aligned samples."®" The multiple J-editing
principle described here could be also applied in an equivalent
2D J-selHSQMBC-TOCSY experiment where a homonuclear "H-"H
TOCSY transfer is appended just prior to acquisition. Thus, an
important amount of additional and highly valuable information
about the magnitude and the sign of new J(HH) and "J(CH)
coupling constants should be available, maintaining all the advan-
tages of the recently proposed selHSQMBC-TOCSY experiment.'
TOCSY transfer retains spin-state selection properties, and there-
fore, the magnitude and the sign of J(HH) can be obtained from
the relative positive/negative tilt of relayed E.COSY cross-peaks with
respect to the initial target. It is expected that the method can find

3J(H16-C14)
6.4 Hz

'." "’v*“ —

34
& . Y i
H15b H15a H13
+3.3 +1.8 0.2
26 3.0 53

Figure 7. Several 2D H16-C14 cross-peaks extracted from J-selHSQMBC-IPAP spectra after selection of different passive Hy protons. Separate o- and

p-multiplets are represented as overlayed contour plots.
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031

Table 1. Values of several proton-proton and proton-carbon coupling constants (in Hz) in strychnine measured using different NMR methods
J-selHSQMBC selHSQMBC  selHSQMBC-TOCSY HSQC-TOCSY HMBC selEXSIDE ACCA
IPAP IPAP (AP Analysis) (J-Resol)
This work Ref. 9 Ref. 10 Ref. 17 Refs. 18,19  Ref. 20 Ref. 21 Ref. 22 Ref. 23
3)(C13H15a) 7.8 (IPAP) 7.8 +8.1 — — 79 8.0/8.1 8.0
3)(C7H15a) 7.5 (IPAP) 74 +7.4 — — 73 7.2/73 23
2)(C16H15a) 4.8 (IPAP) 47 —4.6 —4.6 — = 4.5/4.3 4.0
3)(C13H15b) +3.9 (J-res) 39 +3.6 e — 4.6 3.3/35 3.0
3)(C7H15b) +1.0 (J-res) 1.2 +1.2 — — — — —
2J(C16H15b) —1.7 (J-res) 31 —-26 —28 — — 2.7/3.0 14
2J(H15aH15b) —14.5 (E.COSY) 144
3)(C14H16) 6.4 (IPAP) 6.4 +6.7 +6.4 +6.3/+6.9 6.4 — —
3)(C14H22) 9.8 (J-res) 8.8 +8.9 +6.6 +8.9 89 7.9/8.5/8.6 84
3)(C14H20b) 6.4 (J-res) 54 +5.0 +5.4 +53 55 5.4/53 5.1
2J(C14H15a) 2.7 (IPAP) -2.6 (J-res) 27 -3.0 =27 —27/-26 32 1.8/2.8/2.8 2.0
2J(C14H15b) —3.0 (J-res) 4.0 —4.0 -33 —-3.2/-3 44 3.2/36 2.8
2)(C14H13) 5.3 (J-res) 5: -5 —54 —4.8/-4.5 4.7 4.6/4.7 4.5
3J(H16H15b) 1.8 (J-res) 1.82/2.1
3)(H16H15a) 3.3 (ECOSY) 38

particular interest in the determination of relative conformation/
configuration properties of specific sites where a complete set of
local scalar and/or residual dipolar HH and CH coupling constants
can be necessary.

Methods and Materials

All NMR experiments have been recorded on a BRUKER DRX-500
spectrometer equiped with a three-channel 5-mm cryoprobe
incorporating a z-gradient coil on a sample of 20 mg of strych-
nine dissolved in 0.6 ml of CDCls. Phases are indicated above
the pulses (where no phase is given, the pulse is applied
along x). The basic cycle phase was @;: x-%; @ x-x. 2D
"H-'3C in-phase (IP: W=y, ¢=on) and anti-phase (AP: ¥=x, ¢ =
off) J-selHSQMBC data were recorded separately and combined
in the time domain (AP + IP) to provide «/ff spectra. The recycle
and the interpulse delays were set to 1 s and 60 ms (optimized
to 8 Hz; 24+ pigo=1/2*"Jcn, Where pgo is a selective 180° 'H
pulse). For selective excitation/refocusing, gaussian-shaped 90°
and 180° pulses of 10- and 20-ms duration (p;go) was applied,
respectively. Sine bell-shaped gradients of 1-ms duration (J) were
used, followed by a recovery delay of 100 ps. Gradient ratios for
G1:G2:G3:G4:G5:G6  were 80:20.1:17:50:11:33, measured as
percentage of the absolute gradient strength of 53.5 G/cm. All
experiments were acquired and processed using the echo/anti-
echo protocol. Broadband adiabatic pulses were used for all
inversion and refocusing 180° 'C pulses. For the selHSQMBC
spectrum of Fig. 5A, two scans were accumulated for each one
of the 64 t; increments. For the J-selHSQMBC spectra of Figs 4
and 6, four scans were accumulated for each one of the 256 t,
increments using a scaling factor of k=50. In all experiments,
the number of data points in t, was set to 4096, the spectral
windows in both dimensions were 20000 (F1) and 2000 (F2) Hz,
respectively, and the digital resolutions were set to 0.49 and
78.12 Hz, respectively. The overall acquisition time for each IP
and AP J-selHSQMBC data was about 22 min, which were
added/subtracted in the time domain to provide spin-state selec-
tive o/ff spectra. 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. The accuracy of coupling
constant magnitudes is limited by the final digital resolution
achieved after processing. In the present case, the magnitudes
measured from IPAP and E.COSY measurements along the
detected F2 dimension are estimated to be ca. +0.25 Hz. On
the other hand, J-resolved measurements made along the
indirect F1 dimension are estimated to be +0.39 Hz, which is
calculated from the 19.64-Hz resolution after zero filling and
considering the scaling amplification factor.
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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.

166 *J(CO(4)Ha(5))= 2.7

0@ 168 ; ‘-’ = \ "J(CO(4)NH(5)) '
S0l 0w gy DO e
— ‘ OQ mr ﬂmo F172 CO@4) ‘ _ £170
— [ 00 W m 'Um 000000 [ ’ S 2 E171
176 — .

r17e *J(Ha(5)-NH(5))= +9.0
3 —— 180 503 502 501 500 499 498 e

T T T T T T T T T
61 60 59 58 57 56 55 54 53 52 51 50 49 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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I1l.  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 (3J(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 *D(HH), in diastereotopic CH, groups.
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ABSTRACT

The C-H, cross-peak corresponding to a diastereotopic CHaHp methylene spin system exhibits a
characteristic 1:0:1 multiplet pattern along the indirect dimension of a ®;-coupled HSQC spectrum. It
is shown here that the use of the initial ">C Boltzmann polarization instead of the regular INEPT-based
H Boltzmann polarization makes visible the central lines of this multiplet pattern. A spin-state-selective
method is proposed for the efficient measurement of both 'J(CHa) and 'J(CHg) along the indirect
dimension of a 2D spectrum as well as to the magnitude and the sign of the geminal 2J(HaHg) coupling
constant from the straightforward analysis of a single four-component E.COSY cross-peak. Additionally,
the extraction of 'J(CH) values for CH and CH; multiplicities can be also performed from the same
spectrum. The success of the method is also illustrated for the determination of residual dipolar
'D(CH) and ?D(HH) coupling constants in a small molecule weakly aligned in a PMMA swollen gel.
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1. Introduction

In recent years, it has appeared an enormous interest for the
measurement of scalar and residual dipolar (RDC) one-bond pro-
ton—carbon coupling constants ('J(CH) and 'D(CH), respectively)
in small molecules dissolved in weakly aligned anisotropic media
[1-3]. HSQC-based pulse schemes have been generally chosen for
this purpose and the accuracy and the simplicity on the experi-
mental measurement of 'J(CH) are subjects of discussion. Some
topics of recent interest have been (i) the design of general and ro-
bust NMR methods that works efficiently for all multiplicities, (ii)
the discussion about whether the 'J(CH) splitting should be mea-
sured from the direct o, ('H) or the indirect w; (**C) dimension,
(iii) the accurate measurement of 'J(CH) for individual protons in
diastereotopic CH, or NH, groups, or (iv) the simultaneous deter-
mination of additional coupling constants from the analysis of the
same cross-peak, being the maximum interest the sign-sensitive
determination of geminal 2J(HH) values.

The measurement of 'J(CH) from the detected dimension is rel-
atively easy and high levels of digital resolution are readily avail-
able. For instance, the CLIP-HSQC experiment prove to be an
efficient tool to determine the J(CH) value from the resulting clean
in-phase doublets [4]. However, strong J(HH) coupling effects can
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generate a high degree of asymmetry between the high- and
low-field multiplet lines in m,-coupled HSQC spectra, which can
preclude reliable determination of 'J(CH) coupling constants val-
ues. In addition, broad signals and/or the large contributions of
RDCs 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 diastereotopic
CH, spin systems, and some practical solutions have been pro-
posed [5-9]. To avoid such inconveniences, the measurement of
1J(CH) along the ®, dimension have been advisable [9,10] although
this requires the need for a large number of t; increments, and
therefore longer acquisition times. The successful use of non-linear
uniform sampling, ] scaling factors or spectral folding can speed up
data acquisition and/or increase the digital resolution in the
dimension [10].

The accurate measurement of 'J(CH) for individual protons in
diastereotopic CHyHp (or NHHg) groups is one of the most chal-
lenging tasks in this field. Several methods have been proposed
that measure them from the ®; or ®, dimension, but they all pres-
ent some drawback that can prevent their general use [11-25]. For
instance, the passive 'J(C-Hg) value can be separately measured
into the active Hu cross-peak, and vice versa, along the w; dimen-
sion of a J-resolved HMQC experiment [11]. In addition, the large
doublet is further split by the 2J(HaHg) coupling yielding a dou-
ble-doublet. The disadvantage is that additional experiments can
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be needed to measure 'J(CH) for CH or CH; spin systems.
13C-edited versions of the 2D 'H J-resolved experiment have
been proposed to resolve enantiomeric derivatives dissolved in
anisotropic media by visualizing their different 'J(CH) splitting
sizes along the indirect dimension [12,13]. Other related J-resolved
HSQC experiments have been also described but they can require
time-consuming 3D data acquisition [14] or the collection of multi-
ple 2D J-modulated data [15,16]. An important group of NMR
experiments are those based on spin-state selection specifically de-
signed for methylene groups [8,17-25]. Some reported examples
should be the P.EHSQC [8] SPITZE [17] or CH,-TROSY [19,20]
experiments that yield simplified coupling patterns, and where
the sign and the magnitude of the geminal 2J(HH) can be addition-
ally extracted. In all these cases, the central lines of the w;-multi-
plet corresponding to a CH, group are not observed, and therefore
only the sum of the two 'J(CH) can be determined from the indirect
dimension.

In the present study, a new 2D m;-coupled inverse INEPT exper-
iment (referred to as w;-iINEPT) is proposed for the observation of
the missing central lines in diastereotopic CH, cross-peaks. The
resulting cross-peak present a characteristic E.COSY multiplet pat-
tern that facilitates the straightforward measurement of both indi-
vidual 'J(CHa) and 'J(CHg) values, as well as the sign and
magnitude of the geminal 2J(HH) coupling. The method starts
exclusively from '3C Boltzmann polarization, it is driven with
broadband '3C decoupling during 'H acquisition and, very impor-
tantly, also works for CH and CH3 multiplicities. The experiment
is easily adapted for a J-resolved presentation (referred to as m;-
iINEPT-]) which allows obtain higher levels of resolution within
the same experimental time by the use of a reduced spectral width
in the indirect dimension [11-13,26,27]. The success of the method
is illustrated for several samples and particular cases and as well as
for the measurement of small residual coupling constants in small
molecules dissolved in a weakly aligned media.

2. Results and discussion

The idea to develop the m;-iINEPT experiment was born from
the recent P.E.HSQMBC experiment, which was devised to measure
three different 'J(CH), 2J(HH) and a "J(CH) coupling constants from
a single 2D cross-peak [28]. Other related works that have inspired
us were the P.E.HSQC [8] and the BIRD-HSQC [9] experiments, this
latter being further refined and evaluated by Thiele and Bermel
(see Fig. 1c in Ref. [10]). The basic pulse scheme of the reference
®;-coupled HSQC (®;-HSQC) experiment uses the traditional 'H
Boltzmann polarization as a starting point (Fig. 1A). In the follow-
ing, we consider an isolated diastereotopic CHyHp spin system de-
fined with three different 'J(CH,), 'J(CHp) and 2J(HaHg) coupling
constants. The sequence starts with an initial 90° (*3C)-gradient
element to remove any contribution coming from the '>C Boltz-
mann polarization. After the 'H-to-'>C INEPT transfer, anti-phase
13C magnetization is present as a mixture of 2Ha,Cy + 2Hg,C,,
which evolve under the effects of 'J(CH) and §(*3C) in a sequential
mode, by using separated and synchronously incremented time
periods. Thus, the magnetization evolves first under the effect of
a BIRDYX element [29,30] flanked by a variable J-scaled t; evolution
period (defined by a scaling factor k) to allow the exclusive evolu-
tion of 'J(CH) whereas 'C chemical shift and long-range CH contri-
butions are refocused, and then 'C chemical shift can evolve from
an optional t; evolution period as 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 t; evolution period
are neglected for the sake of clarity. Thus, for a single Ha spin, the
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Fig. 1. Pulse sequences for the (A) ®;-HSQC and (B) w;-iINEPT experiments. Thin
and thick rectangles represent 90° and 180° rectangular pulses, respectively,
applied along the x axis unless indicated differently. A basic two-step phase cycling
is applied: @1 = X,—X; @rec = X,—X. Asmall flip angle (p = 36°) generates E.COSY cross-
peaks. Inversion and refocusing 180° '>C pulses can be applied as adiabatic pulses
and the element labeled as &('3C) evolution period is optional. The inter-pulse
delays in INEPT and BIRD elements are optimized according to 4 = 1/(2 = 'J(CH)).
The echo/anti-echo encoding of ®, frequencies was achieved by changing the sign
of G1 between successive t; increments. The ratio between G1:G2:G3 were
80:20.1:13. The duration of a pulse-field gradient (PFG) and of the subsequent
recovery delay amounts to J.

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

2Ha,Cy[cos(J(CHa)t1) cos(m'J(CHg)t1) — sin(zt'J(CHa)t1)
x sin('J(CHg)ty)] (1)

Applying the trigonometric relationship cosAcosB - sinAsinB = co-
s(A + B), we obtain

2Hp,Cy cos(m'](CHa + 'J(CHp))t1) (2)

meaning that only the outer lines of the theoretical triplet or dou-
ble-doublet coupling pattern of the methylene proton cross-peak
would be observed and, therefore, only the sum of the both cou-
plings ('J(CHa + 'J(CHp)) will be observed as an in-phase dou-
blet along the indirect dimension (Fig. 2A) [15]. This dependence
with respect to the cosine function makes that multiplet patterns
with relative intensities of 1:1 for CH, 1:0:1 for CH,, and 3:1:1:3
for CH3 will be displayed along the ®; dimension [8,34]. A key fea-
ture introduced in the last refocusing INEPT block is the small-flip
'H pulse angle (f =36°) which generates simplified E.COSY multi-
plet patterns for non-equivalent protons in CH, and CHs spin sys-
tems (Fig. 2B) [8,31-33].

To improve the appearance and usefulness of cross-peaks ob-
tained from w;-iINEPT experiments, we propose to start the exper-
iment with the initial '>C Boltzmann polarization instead of the
INEPT-based 'H Boltzmann polarization because this leads to inter-
esting changes in the central lines of methylene cross-peaks, as
known for the analogous old >C-detected heteronuclear J-resolved
2D experiment [35]. The initial 90° '3C pulse, applied after an
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Fig. 2. Schematic representation of the 2D multiplet pattern of each individual Ha and Hg proton belonging to a methylene CHoHp group. (A and B) 'H-Boltzmann polarization
driven (m;-HSQC) experiments using 8 =90° and 36°, respectively, and (C and D) '*C-Boltzmann polarization driven experiments (m;-iINEPT) using f=90° and 36°,
respectively. In (D), the magnitude and the sign of all involved couplings (defined as %J(HaHg) and assuming 'J(CHa) < 'J(CHg)) can be readily extracted. Open and dotted

circles represent peaks with opposite phase.

heteronuclear NOE enhanced 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 'J(CH) during the
variable t; BIRD-based period:

—2Ha,Cy[sin(7' J(CHa)t1) cos(m'](CHg)t1)]
— ZHBZCX[COS(TC]](CHA)G)Sin(?‘Cl](CHB)ﬁ)] (3)

The result is a pure absorptive 2D ®;-iINEPT spectra displaying
double-doublet coupling patterns along the ®; dimension for each
individual H, or Hp cross-peaks, that initially would consist of
eight different components as shown in Fig. 2C. Analyzing only
the Hy spin, it will show an anti-phase doublet pattern with re-
spect to 'J(CH,) (sine modulated) and an additional in-phase dou-
blet pattern with respect to 'J(CHg) (cosine modulated) along the
o dimension. As discussed before, the effect to apply a small flip
angle (B = 36°) will generate a simplified four-component cross-peak
with a characteristic E.COSY multiplet pattern due to the mutual
2J(HaHg) (Fig. 2D), which facilites both the multiplet interpretation
and analysis (see Fig. S1; supporting information). Thus, the active
J(CHp) coupling is directly extracted from the anti-phase 1:—1
pattern along the same column in ®;, whereas the passive
1J(CHp) coupling can be also extracted directly by measuring the
in-phase components in each part of the E.COSY pattern. Otherwh-
ise, the sign and the magnitude of 2J(HH) is easily extracted from
the frequency separation between tilted peaks along the w2
dimension. Fig. 2 summarizes the expected cross-peak pattern
for a single diastereotopic CHaHg proton using the different
®1-HSQC and o;-iINEPT approaches with g =90° and 36°. For CH
groups, a doublet with relative 1:—1 intensities is obtained
whereas a 1:1:-1:—1 coupling pattern will be displayed for a
CHs group.

As a first example, Fig. 3A and B shows the equivalent ®;-HSQC
and o,-iINEPT correlation spectra, respectively, of strychnine (1 in
Scheme 1) acquired with the pulse schemes of Fig. 1, under the
same experimental conditions and using a scaling factor of k = 8.
The general coupling pattern for individual CH and CH, groups
are marked with highlighted boxes. CH cross-peaks present the
same doublet structure in both approaches. On the other hand,
whereas the central lines for each individual CH, cross-peak are
absent in the ®;-HSQC spectrum, they are clearly distinguished
in the ®,-iINEPT version. A close inspection of the multiplet pat-
terns for CH, cross-peaks in both spectra reveals the simplified
E.COSY multiplet structure as described in other related experi-
ments [8,19]. Also note the different in-phase vs anti-phase pattern
behavior along the indirect dimension, although this is not relevant
for the measurement. In cases where chemical shift assignment is
already known and/or signal overlapping is not severe, the pro-
posed method can be recorded in a J-resolved mode by simple
omission of the '>C chemical shift evolution period (ty2
—180°('H) — t;2). In this way the spectral width in the indirect
dimension could be reduced by a factor of about 40, from
20,000 Hz (160 ppm at 500 MHz) to 500 Hz, and therefore the
spectral resolution in ®; should be improved by a similar factor
if all other experimental conditions remain the same. Fig. 3C and
D shows the equivalent ®;-HSQC-] and ®;-iINEPT-] spectra,
respectively, acquired with the same number of t; increments
and using an scaling factor of k = 1. It can be observed that the ab-
sence of 'C chemical shift signal dispersion does not introduce a
serious problem on severe signal overlapping in a small molecule
like 1, where all cross-peaks can be succesfully analyzed. All the
discussion and conclusions described in Ref. [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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Fig. 3. 2D "H-"3C spectra of 1 acquired with the pulse sequences of Fig. 1. (A) ®;-HSQC and (C) ;-HSQC-J spectra were obtained starting from 'H Boltzmann magnetization,
and (B) ,-iINEPT and (D) o,-iINEPT-J spectra were achieved starting from '>C Boltzmann magnetization. (A) and (B) are heteronuclear correlation maps (acquired with an
scaling factor of k = 8) whereas (C) and (D) are the corresponding J-resolved versions (scaling factor k=1 and omission of the '*C chemical shift t; evolution period). All
spectra were acquired and processed under the same experimental conditions. 2 scans were collected for each one of the 256 t; increments using a pre-scan delay of 3 s.
Squared boxes mark specific CH and diastereotopic CH, cross-peak as examples in each spectrum.

be extrapolated here for the proposed methods. Further increase of
resolution by a factor of 3 can be additionally achieved by allowing
signal folding in the indirect dimension (see Fig. S2 in the support-
ing information for an example provided using a reduced spectral
width of 180 Hz).

Fig. 4 shows an expanded area of the 2D ®;-iINEPT-J spectrum,
where the clean tilt, the straightforward analysis and the excellent
resolution of the resulting peak patterns can be quickly observed.
Note the perfect equivalence between the cross peaks of diastereo-
topic protons (for instance H-18a vs H-18b or H-11a vs H-11b)
which permit the easy and direct measurement of the same three
different involved couplings (J(CHa) and 'J(CHg) as well as the
geminal ?J(HH)) from two independent cross-peaks. The compari-
son of the experimental ] values extracted from these two different
measurements evaluates the accuracy of the measurement, and
also ensures the measurement of all couplings even in the case
of accidental signal overlapping of one of the two diastereotopic
proton prevents its analysis. For well resolved ?J(HH) values, the
difference between diastereotopic 'J(CH) values is quickly ascer-
tained from the relative displacement between the two central
lines and accurate 'J(CH) values can be easily measured even in
the case of minor differences between 'J(CH,) and 'J(CHg). For in-
stance, whereas a small difference smaller than 2 Hz is measured
for the H-15a/H-15b pair, a big difference about 14.5 Hz is found
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for H-18a/H-18b. Experimental 'J(CH) and 2J(HH) data extracted
from these spectra for compound 1 are in agreement with those re-
ported previously in other works (see Table S1 in the supporting
information) [5,36-39]. Even in the case of signal overlapping,
CH cross-peaks can be easily distinguished from those of CH,
groups by their different doublet or double-doublet coupling pat-
terns and also from the relative opposite phase of the anti-phase
components for CH/CH3 and CH; groups because the BIRD element
acts as a multiplicity-editing element. For instance, note the clear
distinction and straightforward measurement that can be per-
formed for the three different protons resonating close to 3.1-
3.2 ppm.

When two diastereotopic protons have similar chemical shift
and 'J(CH) values, the central lines can be partially or completely
cancelled, as shown for the H-17a/H-17b protons resonating at
1.9 ppm in Fig. 3D. Another special case is when the geminal
2J(HH) is near to 0 Hz, where the distinction of the four E.COSY
components will depend of the different 'J(CH) sizes. One illustra-
tive example is the H-8a and H-8b olefinic protons belonging to the
exocyclic CH, group in 5-methylene-2-norbornene (2) (Fig. 5A)
which present unresolved signals in the conventional 'H spectrum,
and where the mutual 2J(H8a-H8b) coupling can not be directly
measured. The well differentiated four components observed in
the ;-iINEPT-J spectra allow a measurement of 2(HH) = +1.1 Hz,
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Scheme 1. Molecules used in this work.
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Fig. 4. Expanded area corresponding to the «;-iINEPT-J spectrum of Fig. 3D, where
the different multiplet patterns for a CH group and several diastereotopic CH, spin
systems can be clearly visualized and analyzed, and all 'J(CH) and 2J(HH) can be
measured with simplicity and accuracy.

where the positive sign can be determined by comparison with the
opposite E.COSY tilt presented by other diastereotopic H-6 and H-7
methylene protons, which have large negative 2J(HH) values of
—15.3 Hz and —8.1 Hz, respectively. Although there are small dif-

ferences between the two central lines, the measurement of each
individual 'J(CH) (155.1 vs 157.1 Hz) can be performed twice, inde-
pendently from each cross-peak and with a minimal deviation
of 0.1 Hz (Table S2; supporting information).

The simplicity of the proposed m;-iINEPT methods make them
highly interesting for the measurement of small 'D(CH) and
2D(HH) RDCs, by comparison the difference between experimental
measurements performed in isotropic vs anisotropic conditions
(D = T(aniso) — Jiis)))- Compound 2 was weakly aligned in a poly(-
methyl methacrylate) (PMMA) gel swollen in CDCl; using the
reversible compression/relaxation method [40] , and 'D(CH) and
2D(HH) RDCs magnitudes and signs could be easily determined
for all signals (see Fig. S3C; supporting information). Fig. 5 com-
pares some cross-peaks obtained in both isotropic and anisotropic
conditions. It can be seen how the relative orientation of each dia-
stereotopic HH pair is clearly differentiated from their 2D(HH) val-
ues: —0.2Hz for H-8a/H-8b protons, —4.1 Hz for H-6a/H-6b
protons and +3.1 Hz for H-7a/H-7b protons. A list of all measured
scalar and residual dipolar coupling constants can be found in
Table S2 of the supporting information.

The last example corresponds to a molecule having a more com-
plex 'H spectrum, progesterone (3), with high levels of signal over-
lapping in its aliphatic region. Fig. 6 shows an expanded area of the
®;-iINEPT spectrum, where cross-peaks for all multiplicites can be
distinguished and the corresponding 'J(CH) and 2J(HH) values con-
veniently measured (see Table S3 in the supporting information).
For instance, note the excellent signal dispersion and multiplet
editing for the five resonances fully overlapped in the 1.5-
1.65 ppm area. Accidental overlapping of multiplet components
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Fig. 5. Some illustrative 2D cross-peaks extracted from the w;-iINEPT-] spectra of 2
showing the easy measurement of the experimental 'J(CH)/'T(CH) and
2J(HH)/?*T(HH) values measured in (A-C) isotropic (CDCls) and (D-F) anisotropic
(weakly aligned in PMMA gel swollen in CDCl5) conditions. Similar values for the
same couplings are also measured from the cross-peaks of the other diastereotopic
protons (see a complete set of coupling values in Table S2 in the Supporting
information).

can be overcomed by using the J-resolved version or by changing
the scaling factor. The diastereotopicity in the three protons
belonging to a methyl groups is not observed and they usually ap-
pear as a singlet due to their free rotation under isotropic condi-
tions. However, in analogy with the discussion presented here for
diastereotopic CH, spin systems, the same conclusions could be ex-
tracted from the analysis of a hypothetical non-equivalent protons
in a CHs group [8,41]. Whereas isotropic CHs cross-peaks with no
distinction between equivalent protons present a typical 3:1:1:3
multiplet pattern in ®;-HSQC experiments [34], they display a
symmetrical 1:1:—1:—1 coupling pattern in the m;-iINEPT, as seen
for the Me-21 in Fig. 6. A modified HSQC experiment has been
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the different components corresponding to the H-6ax and H-lax protons. In

addition, the 1:1:-1:—1 multiplet corresponding to the methyl group 21 (at
2.08 ppm) is also highlighted.

reported to recover the 1:2:1 and 1:3:3:1 pattern in NH, and
NH; groups, respectively, and spin-state selected methods to
study analysis have been used to study differential relaxation of
the different line multiplets of methyl cross-peaks in proteins [41].

In terms of sensitivity, the m;-iINEPT experiment present a sen-
sitivity decrease when compared to the analog m;-HSQC experi-
ment, because of the differential signal enhancement achieved by
heteronuclear polarization transfer via INEPT or by heteronuclear
NOE effects. In addition, the pre-scan delay must be optimized as
a function to the longer 'C T; values, although that protonated
carbons relax relatively fast. Our experimental data confirms such
theoretical prediction and signal-to-noise enhancements by a fac-
tor of about 3 and 4 can be achieved for ®;-iINEPT and »;-HSQC
experiments, respectively, when compared with a reference non
signal-enhanced ®;-iINEPT experiment acquired without proton
saturation and a pre-scan delay of 3 s (see Fig. S4 in the supporting
information). Although the proposed methodology could distin-
guish diastereotopic protons in NH, groups, the large difference
in sensitivity enhancement achieved by polarization transfer when
compared with those obtained by direct >N Boltzmann magneti-
zation without NOE enhancement (a theoretical factor about 10)
makes the experiment of limited practical use due to its very low
sensitivity. In addition, the two central lines are likely to be quite
broad for large molecules.

In summary, a general and simple NMR method to obtain a
characteristic spin-state-selected multiplet pattern for diastereo-
topic CHyHp methylene systems has been described. The magni-
tude and the sign of the three involved coupling values ('J(CHa),
1J(CHg) and 2J(HaHg)) can be measured simultaneously from the
analysis of a single and clean four-component E.COSY cross-peak.
The method also measures 'J(CH) for all other carbon multiplici-
ties, and it is easily adapted for a J-resolved representation that al-
lows the use of a more reduced spectral width in the carbon
dimension, obtaining higher levels of resolution within the same
experimental time. We have also shown that small 'D(CH) and
2D(HH) RDCs can be measured for small molecules weakly aligned
in anisotropic media. The proposed techniques are appropriate for
routine use because require minimum set-up and afford simple
data analysis and interpretation.
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3. Methods and materials

The isotropic samples used in this work were 0.12 M strychnine
dissolved in CDCl3 (1), 0.14 M 5-methylene-2-norbornene dis-
solved in CDCl; (2) and 0.13 M progesterone dissolved in DMSO
(3) (see chemical structures in Scheme 1). For the measurement
of RDCs, 10 mg of 2 was aligned in a poly(methyl methacrylate)
(PMMA) gel swollen in CDCl; using the reversible compression/
relaxation method [40]. The ?H quadrupolar splitting (AvQ) for
the CDCl; signal was of 24 Hz. NMR experiments on 1 and 3 were
recorded on a BRUKER DRX-500 spectrometer equipped with a 3-
channel 5-mm cryoprobe incorporating a z-gradient coil. NMR
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 measurements was set to 298 K.

In all experiments, the inter-pulse A (=1/(2 = 'J(CH)) delays
were set to 3.5 ms (optimized to 'J(CH)=145 Hz). Gradient ratios
for G1:G2:G3 were set to 80:20.1:13, measured as percentage of
the absolute gradient strength of 53.5 G/cm. Sine bell shaped gra-
dients of 1 ms of duration and followed by a recovery delay of
100 us were used. '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 8 kHz GARP modulated pulse train. All experiments
were acquired and processed using the echo/anti-echo protocol
where the gradient G1 was inverted for every second FID. An scal-
ing factor k =8 were used for the correlation experiments for all
compounds. The J-resolved spectra were acquired omitting the
ti2 — 180('H) — t;), element in the pulse sequence of Fig. 1 and
reducing the spectral width in the indirect m; dimension to
500 Hz.

For spectra of Figs. 3, 2 scans were accumulated for each one of
the 256 t; increments and the number of data points in t, was set
to 2048. The recycle delay was set to 1 s for @w;-HSQC type exper-
iments (Fig. 3A and C) and 3s for ®;-iINEPT type experiments
(Fig. 3B and D). Spectra 3A and 3B were acquired with an spectral
window of 5000 Hz (in ®,) and 20,000 Hz (in ®;) giving a FID
resolution of 2.4 and 9.8 Hz, respectively. Prior to Fourier-transfor-
mation of each data, zero filling to 4096 in m,, 1024 in ®; and a
nt/2-shifted sine-squared window function in both dimensions
were applied. After applying zero filling the digital resolution was
1.2 and 2.4 Hz, respectively. In spectra of Figs. 3C and 3D, the
spectral window in ®; dimension was reduced to 500 Hz giving a
FID resolution of 2.4 Hz (in ®,) and 1.9 Hz (in m,). After applying
zero filling the digital resolution was 1.2 and 0.5 Hz, respectively.

In the ®;-iINEPT-] experiments recorded on 2 in isotropic and
anisotropic media (Fig. 5), a recycle delay of 3 s was used, 4 scans
were accumulated for each one of the 256 t; increments and the
number of data points in t, was set to 2048. Both of them were ac-
quired with an spectral window of 3600 Hz (in ®;) and 500 Hz (in
;) giving a FID resolution of 1.8 and 1.9 Hz, respectively. Prior to
Fourier-transformation of each data, zero filling to 4096 in ,,
1024 in ®; and a m/2-shifted sine-squared window function in
both dimensions were applied. After applying zero filling the digi-
tal resolution was 0.9 and 0.5 Hz, respectively. In the ®;-iINEPT
experiment recorded on 3 (Fig. 6), a recycle delay of 3 s was used,
4 scans were recorded for each one of the 256 t; increments and
the number of data points in t, was set to 2048 in all the experi-
ments. Data were acquired with an spectral window of 2000 Hz
(in ®,) and 12,500 Hz (in ®;) giving a FID resolution of 1.0 and
6.1 Hz, respectively. Prior to Fourier-transformation of each data,
zero filling to 4096 in ®,, 1024 in ®; and a w/2-shifted sine-
squared window function in both dimensions were applied. After
applying zero filling the digital resolution was 0.5 and 1.5 Hz,
respectively.
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Figure S1: Effect of the § angle in ®;-iIINEPT-J experiments.

Figure S2: Spectral Folding in ;-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 ®;-i1INEPT-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(CHgp)=2*SW(F1)-Av(F1).
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Figure S3: A) w;-1INEPT and B) ®;-iINEPT-J spectra of 2 in isotropic CDCls solution;
C) o;-1INEPT spectra of 2 in anisotropic conditions (PMMA gel swollen in CDCls). m;-

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 - 1594 | 159.85 - .
C4 H4 | 169.1 - 1682 | 168.7 | 168,6 | 168.4 - -
C8 HS | 1449 - 1451 | 1447 | 1449 | 144.89 - -
Cll1 Hlla| 135.6
-18,1 | 133.8 | 1349 | 1353 | 135.06
(from H1la) [ H11b | 1259
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 - 1236 | 123.7 | 1252 | 124.38 - -
Cl4 Hi14 | 131.4 - 1314 | 1303 | 131,9 | 130.36 - -
Cl15 Hl5a | 1313
-153 | 132.1 | 130.0 | 131,5 | 130.36
(from sy | 1296
H15a) 145 | -14.31
Cl15 Hl5a | 130.7
2154 | 1322 | 1294 | 1304 | 129.93
(from H15b) | H15b | 129.6
Cl6 H16 | 1468 - 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 13.7 13.44
C23 H23a | 145.6 I
-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, 1472 - 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
C8P(Ifr°m Hq, 157.0 157.5 0.5
8a) 1.1 0.9 02
Hg, 155.1 155.3 0.2
Cgl&from Hq, 157.1 157.6 0.5
b) 1.0 0.8 202
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 1243
-16.9 255.9 -16.9
C2 (from H2eq) H2eq 1323
C4 H4 158.8 - 158.7 ]
roa 1248 14.3 255.3 14.5
C6 (from H6ax) Hoéeq 130.6 o : A
H6ax 125.1
-14.4 255.1 -14.2
C6(from H6eq) Hé6eq 130.7
H7ax 1247 13.2 254.5 13.4
C7 (from H7ax) H7eq 130.4 ' : :
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 o
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 .
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 i
C15 (from Hl5ax) | HlSeq 132.4 ' ' '
Hl5ax ov
-13.7 262.1 -12.9
Cl15 (from Hl5eq) | HI5eq 1329
H16ax 128.2
* 260.5 *
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 - 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.

A) IP [Tz C) af yr2z
N - 50) X A 569
n(C-H) 5 = . o
c@ J(H2-X) IP+AP iHZX)
B) AP D) B
€ ® o
= 5()() i 6(X)
(¢ @ oo
5(|'-|2) 5(;-12)

Figure 4.01. Schematic representation showing the IPAP methodology in selHSQMBC when a high-abundant
nucleus acts as a passive spin

1

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
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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).

H3a PPhy* B

selHSQMBC (IP) selHSQMBC (a/B)

H1 E O |

M ppm

00
4 fee 118

Clen e 1o 2J(H1-P)=-15.3 3J(CamH1)=28
120
= 2UC2PS it / IP+AP
E122 94 b T —r T }'
o —d R P12 2J(H1-P)=-15.3 IP-AP HlcEeT
124
F125

e 126
c3 w0ng, | 3J(C3-P)= —EPC\ \ @ -
:; E127 +13.3 [ )

- 128
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Figure 4.02. Expanded area corresponding to 2D *H-"3C selHSQMBC-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
selHSQMBC IPAP experiment to other protons belonging to the same spin system (Fig. 4.03).
Positive tilt means the same sign, while negative sign 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 *p nucleus 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 sel[HSQMBC 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/B- spectra corresponding to 2D *H-"’N selHSQMBC-TOCSY IPAP experiment
(pulse scheme of Fig. 1D) after selective excitation of H4 proton of 2-fluoropyridine. The passive YF 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 a/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

sequential

simultaneous

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-C-"*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 €=on) and AP (W=x and e=off). a- and B- data are obtained after
time-domain data addition/subtraction (APIP).

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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ns 2 2,'4 A't, R At : At,= 1/(SW(°C)), which increases after each scan
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| i >
ns 3 5 A, il At,+ A’t,= 1/(SW(*N)), which remains constant after each scan
where & is the increment that generates the second dimension
Nt + At
| - 1 »

ns 4 5 At, At

Figure 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, P,=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  C(a)

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, y=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 a/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 **C 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 13¢C 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-Bc-BN 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-selHSQMBC IPAP

experiment has been used.
5
6 2 6
10 JB[ 4 9 3 10 82 4 9 3
C9H10 C9H8 C3H4 [ 120 290
-0.8 -8.5 0.5 - r
S AN ,
C4aH3|t [
C6aH9, [
w63 O
C10H8 C10H9 =130 N1H2 N1H4 NiH3 |
# U 4.0 12 [ -11.2 +0.3 16 — 300
C4H2 ) [ " i " [
¥ 1.0 " " C4H3w [ ) ) r
B +0.7 [ [ '] [] L
[ N7H10 N7H8 ) N7H9
cron2 - 140 +0.5 -10.7 -1.5
C10bH4 C10bH3 r
CloaHto  +11.9) C10aH8  ~ 54" 08 |f i
+5.2 Al C10aH9 - [
) . C2H4 . C2H3f ~310
L4 w o @ 0.2 W -0.7 N gy o If r
w [ [ w - 150 [
C8H10 C8H9 [ [
+0.1 0 [

Figure 4.11. TS-selHSQMBC-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 13C nucleus; Right: o/B- spectra
corresponding to the N nucleus.
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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-selHSQMBC-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 B¢ 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.

192



IV. Appendixes

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).
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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/p 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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