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Preface

Applications of NMR are well established in all areas of science and new ones
are being regularly reported. Annual Reports on NMR reflect developments in
all areas of science. Contained within Volume 51 of this series are reviews from
five different areas of interest.

‘A Study of Conformational Stability of Polypeptide Blends by Solid
State NMR Spectroscopy’ is contributed by K. Murata, S. Kuroki, E. Katoh
and 1. Ando, D. Gudat reports on ‘Applications of Heteronuclear X/Y-
Correlation Spectroscopy in Organometallic and Organoelement Chemistry:
Recent Developments’, ‘NMR Studies of Biomolecular Dynamics and
Structural Plasticity using Residual Dipolar Couplings’ is reviewed by
J. R. Tolman and H. M. Al-Hashimi, R. H. Contreras, V. Barone,
J. C. Facelli and J. E. Peralta cover ‘Advances in Theoretical and Physical
Aspects of Spin—Spin Coupling Constants’ and ‘High Resolution Magic Angle
Spinning-Applications to Solid Phase Synthetic Systems and other Semi-Solids’

is reviewed by W. P. Power.
Expressions of gratitude go to all of these reporters and to the production

staff at Elsevier for their generous cooperation in the realisation of this volume.

Royal Society of Chemistry G. A. WEBB
Burlington House July 2003
Piccadilly

London, W1J OBA
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In polypeptide blends, the balance of intra- and intermolecular hydrogen bond
interactions in two kinds of polypeptide chains play an important role for the
conformational stability and the blend miscibility. The observation of the
BC NMR chemical shifts and relaxation times, and the two-dimensional
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NMR spectrum leads to a deep understanding of the conformational stabi-
lity and the miscibility. In this chapter, the most recent research works are
introduced.

1. INTRODUCTION

Synthetic homopolypeptides consist of a repeated sequence of an amino
acid. Although the structures of the homopolypeptides are not as compli-
cated as those of proteins, homopolypeptides take some specified conforma-
tions such as the o-helix, B-sheet, etc., which appear in proteins. These
conformational properties of homopolypeptides are shown in Table 1. The
individual conformations are transformed into other conformations under
certain conditions such as temperature and quenching.!’ For example, the
main chain of poly (B-benzyl L-aspartate) takes on a right-handed o(oR)-
helix form within the temperature range from room temperature to 117°C
and is transformed to the left-handed oo )-helix form, the w-helix form and the
B-sheet form at temperatures above 117°C. On the other hand, copolymers of
L-alanine (Ala) and glycine (Gly) [(Ala, Gly),] take the right-handed
a-helix, B-sheet and the 3;-helix forms in the solid state as obtained by
changing the mixture ratio or by solvent treatment.* '' A scheme of confor-
mational generation of polypeptides, copolypeptides and proteins is shown
in Fig. 1.

These transformations arise from the energetical stability caused by
intramolecular or intermolecular hydrogen bond (HB) interactions. Thus,
by the balance of intramolecular and intermolecular HB interactions in
polypeptide blends, it is expected that the strength of intermolecular
interaction in the blends is different from those in homopolypeptides then
new conformations can be formed by intermolecular HB interactions that
do not exist originally in homopolypeptides. There are many studies on
intermolecular HB interactions in homopolypeptides and copolypeptides in the
solid state, but to the best of our knowledge there is little study on
intermolecular HB interactions in polypeptide blends except for our previous
studies.

In order to understand the conformations or conformational changes of
homopolypeptides and copolypeptides, solid-state NMR is a very useful
method. After the first NMR experiment for obtaining high-resolution
spectra of solids was carried out with the high-speed magic angle spinning
(MAS) method,'? the cross polarization (CP) procedure '* was developed by
Hartmann and Hahn.'* On the basis of these methods a CP/MAS technique
that combines MAS and CP has been conventionally used to obtain
high-resolution solid-state NMR spectra.'>!'® In the solid-state, the NMR
chemical shift is often characteristic of a specified conformation because of
the highly restricted molecular motion. For example, it has been elucidated
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Table 1. Preferred conformations of homopolypeptides in the solid-state

Amino acid Conformation”
residue
1 2
Glycine H -Sheet 3,-Helix Hydrophobic side chain
| (PG-I) (PG-II) Hydrophobic interaction
Ni
gl
n
CH,4
Alanine N—(‘]— a-Helix [-sheet Oligomers are -sheet
Lo Hydrophobic side chain
H 0 n Hydrophobic interaction
CHg\C}/ICH3
Valine \ [-Sheet Hydrophobic side chain
I“I*(‘D*ﬁ Hydrophobic interaction
H H O
n
CH,4 /CH3
AN ?H
Leucine CH, a-Helix Hydrophobic side chain
N—(’j—c Hydrophobic interaction
L
H H O
n
e
CH CHy
Isoleucine 3\C/H [3-Sheet Hydrophobic side chain
N (137 c Hydrophobic interaction
iiRe
n
CH,OH
Serine N—(‘J—C -Sheet Hydroxylic side chains of
JE Ll hydrogen bonding
H H O
n
g
Threonine CHOH B-Sheet Hydroxylic side chains of

JENCCj» hydrogen bonding
H H O
n

(Continued)
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Table 1. Continued

Amino acid Conformation”
residue
1 2
Aspartic acid’ a-Helix Hydrophilic side chain
(‘]OOH
g
T
H H O
n
(‘JOOH
CH,
Glutamic acid® (‘JHz a-Helix  (B-Sheet) Hydrophilic side chain
\ Salts Ca, Sr, Ba are B-sheet
T
H H O
n
T
Lysine® ( ?HZ]“ a-Helix ~ B-Sheet  Hydrophilic side chain
N—C—C Salts, HPO, are B-sheet,
}‘I IEI (H) Also Product from high pH,
n high temperature is f-sheet
g
/N\CH
o HC | : o
Histidine \\N/? a-Helix This residue is capable of
CH, hydrogen bonding and of
\ other interaction.
T
H H O
Phenylalanine a-Helix Hydrophobic side chain
?Hz Hydrophobic interaction
T
HHO
n
OH
Tyrosine -Sheet Hydroxylic side chains of
hydrogen bonding

(Continued)
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Table 1. Continued

Amino acid Conformation®
residue
1 2
Tryptophan a-Helix Hydrophobic side chain
NH
%CH
e
I
H H O
n
S‘H
Cysteine C‘Hz B-Sheet
Ni
Lo
TH H OT
n
%CH3
CH,
Methionine (:3H2 a-Helix
T
H H O
n
oH,
. H,C "CH . .
Proline Z}Q d é pP-11 pP-1 Hydrophobic side chain
[y
n
e
(‘J—NH
Arginine NH o-Helix Hydrophilic side chain
|
(cH, )4

\
Tl
HH O
n

“All B-sheet form are antiparallel.

b Polyaspartic acid and polyglutamic acid in the solid state are in the neutral carboxyl form. The
conformational influence in solution at neutral pH where the side chain is ionized is one of a-helix
disruption.

“Polylysine in the solid state is normally in the form of the HBr salt. The charged residue in
solution at neutral pH would have an a-helix disruptive influence.
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Fig. 1. A scheme of conformational generation of polypeptides, copolypeptides and
proteins.

that the '*C NMR chemical shifts of a number of polypeptides and proteins
in the solid state, as determined by the CP/MAS method, are significan-
tly displaced, depending on their particular conformations such as a-helix,
3,-helix or p-sheet.!” !

However, relaxation times can be used as well as the chemical shifts to
provide information on the dynamics. Especially, the spin-lattice relaxa-
tion time in the rotating frame of 'H (‘H T, p) 1s very sensitive to the
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domain size of individual polymers in polymer blends through the spin
diffusion process and thus can be used to study the miscibility of polymer
blends. Since the efficiency of spin diffusion is governed by dipole—dipole
interactions, knowledge of the rate of spin diffusion among proton spins
of individual polymers in polymer blends would provide useful infor-
mation about domain sizes in the region of 1.7-5.5 nm.?* >* Recently, the two-
dimensional (2D) '3C-'H heteronuclear correlations (HETCOR) NMR
method by using the frequency-switched Lee-Goldberg (FSLG) 'H decoupling
sequence™ at high MAS rates has been developed, in order to provide
intermolecular and spatial distance information. The HETCOR spectrum
often has multiple proton cross peaks for each carbon, and these cross peaks
can be extremely helpful for assigning the spectrum. Thus, this method can
also be used to characterize the structure of polymers in solids.>® !

From such a background, some kinds of polypeptide blend samples have
been studied by solid state NMR.?”7>7* Especially, detailed information
for four kinds of blend samples such as poly(L-alanine) (PLA)/poly(L-valine)
(PLV), PLA/poly(L-isoleucine) (PLIL), poly(p-alanine) (PDA)/PLV and
polyglycine (PG)/PLV blends, have been reported. Here, let us describe
some reasons why PLA/PLV, PDA/PLV, PLA/PLIL and PG/PLV blends
are interesting systems. PLA and PDA in the solid-state can take the a-helix
and B-sheet forms due to intra- and intermolecular HBs, respectively. PG in
the solid-state can take the 3;-helix (PG-II) and B-sheet (PG-I) forms due to
intra- and intermolecular HBs, respectively. However, PLIL and PLV in
the solid state can predominantly take the B-sheet form as the stable con-
formation. For this reason, it is interesting to know whether an isolated a-helix
or 3;-helix form polypeptide surrounded by a major polypeptide in the B-sheet
form can take the helical conformation, or not, due to the balance between
intramolecular and intermolecular hydrogen bonds. In addition, we would
like to know whether a polypeptide in the B-sheet form surrounded by a
major polypeptide in the a-helix or 3;-helix form can take the B-sheet form.

By using their blended systems, such a conformational change may
provide some useful knowledge about the conformational stability due to the
balance of intermolecular HB interactions between helical form polypeptides
and sheet form polypeptides, and also due to the balance of intra- and
intermolecular HB interactions. The balance of intra- and intermolecular HB
interactions would also play an important role for the conformational stability.

Some kinds of polypeptide blend samples (PLA/PLV, PLA/PLIL, PG/PLV
and PDA/PLV) have been treated with different blend conditions, and their
miscibility has been investigated by the observation of '*C NMR chemical
shifts and '"H 7, data.'”’ Furthermore, we need more detailed information
about the miscibility of the polypeptides to understand the polypeptide
blend by using further sophisticated NMR methodology. Thus, 2D FSLG
13C-'"H HETCOR NMR is useful to elucidate intermolecular HB interactions
between two kinds of polypeptide chains and their miscibility.
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In this review, therefore, we describe mainly our work on the study of
the conformational stability and miscibility of some kinds of polypeptide
blend samples obtained by '*C CP/MAS NMR, 'H Ti, and 2D FSLG
3C-'"H HETCOR NMR experiments.

2. POLYPEPTIDE BLEND PREPARATIONS

Poly (L-alanine) (molecular weight (Mw): 23,600) in the right-handed o-helix
((ar)-helix) form, poly (D-alanine) (Mw: 3000) in the left-handed ao-helix
(ou(orp )-helix) form, poly (L-valine) (Mw: 1700 ~ 1900) in the B-sheet form,
poly (L-isoleucine) (Mw: 8500) in the B-sheet form and polyglycine (Mw: 1000)
in the B-sheet form (PG-I) are employed. Polyglycine in the 3;-helix (PG-II)
form is obtained by precipitation from an aqueous lithium bromide (LiBr)
solution of PG in the B-sheet (PG-I) form.® '" Poly (L-alanine) with molecu-
lar weight of 1000 ~ 5000 is a mixture of the B-sheet and a-helix forms because
PLA with low molecular weight component and high molecular weight
component takes the P-sheet form and o-helix form, respectively.!” The
conformations of these polypeptides are recognized by '*C CP/MAS
NMR.""173" The preferred conformations of these homopolypeptides are
shown in Table 2.

It is well known that a synthetic polypeptide can be dissolved in a solvent
such as chloroform in which the a-helical conformation and its behaviour
may be examined upon the addition of a strong hydrogen bonding solvent
(random coil solvent) such as dichloroacetic acid (DCA) and/or triflu-
oroacetic acid (TFA).”””7 Further, Saito et al. have reported that poly
(L-isoleucine) and poly (L-leucine) can be changed to a random coil
structure in TFA solution with a few drops of concentrated sulphuric acid
(H,S0,)."” From these results, the relative strength of hydrogen bonding is
as follows: DCA < DCA/TFA mixture < TFA < TFA with a few drops of conc.
H,SO4. In order to obtain the blend homopolypeptides, it may be a most
important point whether homopolypeptide dissolved in a random coil
solvent takes the random coiled structure or not. In this review, four kinds of
random coiled solvents have been shown (Methods 1-4).

On the other hand, the ‘deposition’ process is also important to prepare
blend samples. A mixture of homopolypeptide solutions in which they take a
random coiled structure are added into a poor solvent. For polypeptides, water
is a poor solvent in general. If the hydration rate is different for each
polypeptides, they form their preferred secondary structures by themselves
and then do not blend with each other. On the basis of this assumption, in
order to make the hydration at the same time, the solution is added to alkaline
water. In this review, two kinds of quieting solvents such as water and alkaline
water have been used. (Methods 1-4 and Method 5). Method 1: Helical
polypeptide and B-sheet polypeptide are dissolved in DCA and agitated
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Table 2. Preferred conformations of homopolypeptides used in this review

Polypeptides Molecular weight Conformation
I‘{ Polyglycine (PG) 1000 DP(VIS)18 3;-Helix
T
H H O
n
CH,
Nféic Poly(L-alanine) PLA 23,600 DP(VIS)333 ag-Helix
1—‘1 L Poly(p-alanine) PDA 3000 DIP(VIS)42 o -Helix
n
CH
| Poly(L-valine) PLV 1700~ 1900 DP(VIS)18  B-Sheet
N—C—C
L
{H H O
n
s
CH /CHz
™cdu Poly(L-isoleucine) PLIL 8500 DP(VIS)75 B-Sheet

at room temperature. Method 2: The helical polypeptide and [-sheet
polypeptide with a mixture ratio of 50/50 (wt/wt%) are dissolved in a mixture
of DCA and TFA with a ratio of 1:1. solution. The solution is added to water
at room temperature and the precipitated mixture sample is washed by water
and dried under vacuum at temperatures from 308 to 318 K. Method 3: The
helical polypeptide and B-sheet polypeptide with a mixture ratio of 50/50
(wt/wt%) are dissolved in TFA. The solution is added to water at room
temperature and the precipitated mixture sample is washed by water and dried
under vacuum at temperatures from 308 to 318 K, respectively. Method 4.
Helical polypeptide and B-sheet polypeptide are dissolved in TFA with a
2.0 wt/wt% amount of H,SO,. Next, a mixture of helical polypeptide and
B-sheet polypeptide with various ratios of 80/20, 50/50 and 20/80 (wt/wt%)
are dissolved in TFA with a 2.0 wt/wt% amount of H,SO,4. The solution
is added to water at room temperature and then the precipitated mixture
sample is washed with water and dried under vacuum at temperatures from
308 to 318 K. Method 5: Helical polypeptide and B-sheet polypeptide are
dissolved in TFA with a 2.0 wt/wt% amount of H,SO,4. Next, a mixture
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Homopolypeptides or mixture of homopolypeptides
(PLA, PDA, PG, PLV, PLIL, PLA/PLV, PLA/PLIL,
PG/PLV and PDA/PLV )

Solvent: Solvent: Solvent:
Dichloroacetic acid(DCA) | | DCA/TFA(1:1) Trifluoroacetic acid(TFA)

Method 1 | Method 2

l { Method 3}
v v
) Added H,SO, at 2wt%,
Agitate at room temperature and agitate at room temperature
( Methoa 4) | ( Methoas )
!
[ Drop into water ] [ Drop into alkaline water ]

| I
v

[Filtration and/or Centrifugation]

[ Washing

J<3
+ [ Repeat ]

[ Filtration and Centrifugation

[Drying under vacuum at temperatures from 308 to 318 K ]

Fig. 2. Sample preparation pathway for obtaining polypeptide blends.

of helical polypeptide and B-sheet polypeptide with various ratios of 80/20,
50/50 and 20/80 (wt/wt%) are dissolved in TFA with a 2.0 wt/wt% amount
of H,SO,4. The solution is added to alkaline water at room temperature
and then the precipitated mixture sample is washed by water and dried
under vacuum at temperatures from 308 to 318 K, respectively. These
sample preparation pathways are summarized in Fig. 2.

3. 3C CP/MAS NMR SPECTRAL ANALYSIS AND
CONFORMATIONAL CHARACTERIZATION OF
HOMOPOLYPEPTIDES AND THEIR BLENDS

In order to understand the conformations or conformational changes of
homopolypeptides and copolypeptides, solid-state '*C NMR is a very useful
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method. NMR experiments for obtaining high-resolution spectra of solids
are carried out with a combination of the high-speed magic angle spinning
(MAS) method'? and cross polarization (CP).'> The CP/MAS technique has
been conventionally used to obtain high-resolution solid state NMR
spectra.]5’16 In solids, the NMR chemical shift is often characteristic of a
specified conformation because of the highly restricted molecular motion.

As an NMR methodology for elucidating conformational stability in the
polypeptide blends, the conformation-dependent '*C NMR chemical shift
for polypeptides in the solid state has been reported.’’’>”® It has been
elucidated that the '*C NMR chemical shifts of a number of polypeptides
in the solid state, as determined by the '*C CP/MAS method, are signifi-
cantly displaced, depending on their particular conformations such as a-helix,
3y-helix or B-sheet form.'"!73!

3.1. PLA/PLYV blends

In order to elucidate the conformational characterization of PLA/PLV blend
samples obtained by using the four methods as mentioned above, solid-state
13C NMR measurements are made on the blend samples.

The observed '*C CP/MAS NMR spectra of pure PLA and pure PLV are
shown in Fig. 3 (a) and (d), respectively. The assignments of these spectra are
straightforwardly made by using reference data of polypeptides with the
o-helix and B-sheet forms reported previously.>'*?® The '*C chemical shift
values of these polypeptide samples are listed together with reference data of
PLA and PLV with the right-handed a-helix form and the B-sheet form in
Table 3. The three intense peaks at 177.0, 53.2, and 15.8 ppm which appear
in the spectrum of pure PLA (Fig. 3 (a)) can be assigned to the C=0, Ca
and CP carbons, respectively. From these '*C chemical shift values, it is
found that PLA takes the right-handed o-helix form. There are no peaks
which come from the B-sheet form. On the other hand, in the spectrum of
PLV (Fig. 3 (d)), the four intense peaks appear at 172.4, 58.9, 33.2 and
19.2 ppm and can be assigned to the C=0, Ca, CP and Cy carbon, respectively.
From these '*C chemical shift values, it is found that PLV takes the B-sheet
form. There are no peaks which come from the a-helix.

Next, the observed '*C CP/MAS NMR spectra for the PLA/PLV (50/50)
blend samples obtained by Methods 2 and 3, are shown in Fig. 3 (b) and (c),
respectively. From these '*C chemical shift values, the seven most intense peaks
appear at about 177, 172, 59, 53, 33, 19 and 16 ppm and can be assigned to the
PLA in the C=0 (177), Ca (53) and CP (16) carbon, respectively, and PLV in
the C=0 (172), Ca (59), CB (33) and Cy (19) carbon, respectively. From the
above results, it is possible to realize that a mixture of PLA and PLV obtained
by Methods 2 and 3 are not miscible.
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o o

(C))

PLA(a-helix)

C=0 Ca CB

(d
PLV(-sheet)

T T T T T T

2|00 ‘ I I ‘ 1|50 ‘ ‘ I ‘ 1|00 I ‘ I I 50 oo
C=0 Ca CB Cy

Fig. 3. 'C CP/MAS NMR spectra of PLA (O), PLV (A) and PLA/PLV mixture
samples. (a) pure PLA (a-helix), (b) prepared by adding mixture of PLA/PLV (50/50)
DCA/TFA (1:1) solution to water (Method 2), (c) prepared by adding mixture of PLA/
PLV (50/50) TFA solution to water (Method 3), and (d) pure PLV (B-sheet).

Furthermore, the observed '*C CP/MAS NMR spectra of PLA, PLV and
PLA/PLV blend samples obtained by Method 4, with various mixture ratios,
are shown in Fig. 4. The assignments of these spectra are made using reference
data reported previously.”’?**® The 'C chemical shift values of
these polypeptide samples are listed together with reference data in Table 4.
In the spectrum of PLA (Fig. 4a) we can assign peaks to the C=0, Ca and Cf
carbons, respectively. From the '*C chemical shift values, it is found that PLA
takes the right-handed o-helix form. On the other hand, in the spectrum of
PLV (Fig. 4e) we can assign peaks to the C=0, Ca, Cp and Cy carbons,
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Table 3. Observed solid-state '*C chemical shifts of pure PLA, pure PLV and
PLA/PLV blend samples obtained by Methods 2 and 3

Polypeptide sample 3C Chemical shift (ppm) Conformation
C=0 Ca Cp Cy
PLA 176.7 53.2 16.0 o-Helix*
172.5 49.5 20.7 B-Sheet”
PLV 174.9 65.5 28.7 20.9/19.0 o-Helix*
172.3 58.6 329 19.0 B-Sheet”
Pure PLA 177.0 53.2 15.8 PLA o-helix
PLA/PLV” (50/50) 177.0 53.2 15.8 PLA o-helix
172.3 58.6 33.2 19.0 PLV B-Sheet
PLA/PLV* (50/50) 176.9 53.2 15.9 PLA o-helix
172.2 58.5 32.8 18.9 PLV B-Sheet
Pure PLV 172.4 58.9 33.2 19.2 PLV B-Sheet

“Refs. 21, 22, 26.
YPLA/PLV (50/50) blend sample obtained by Method 2.
“PLA/PLV (50/50) blend sample obtained by Method 3.

respectively. From these '>C chemical shift values, it is found that PLV
takes the P-sheet form. Next, the observed '*C CP/MAS NMR spectra
of PLA/PLV blend samples, with various mixture ratios (20/80, 50/50 and
80/20 wt/wt%), are shown in Figs. 4 (b)—(d). From these spectra, it can be
recognized that there is no new conformation. This means that PLA and PLV
are not miscible.

On the other hand, the observed '*C CP/MAS NMR spectra of PLA,
PLV, and the PLA/PLV blend samples with mixture ratios of 80/20, 50/50
and 20/80 (wt/wt%) obtained by Method 5, are shown in Fig. 5. In these
spectra, homopolypeptides of PLA (a-helix) and PLV (B-sheet) are treated
using the same conditions as the mixture of the PLA/PLV blend samples. The
assignments of these spectra are straightforwardly made by using reference
data of polypeptides with the o-helix and p-sheet forms reported
previously.”"**?® The '*C chemical shift values of these polypeptide samples
are listed together with reference data of PLA and PLV with the right-
handed o-helix form and the B-sheet form in Table 5. The three intense peaks
at 176.7, 53.2, and 16.0 ppm which appear in the spectra of PLA (Fig. 5 (a))
can be assigned to the C=0, Ca and CP carbons, respectively. From these
13C chemical shift values, it is found that the PLA used in this work takes
the right-handed o-helix form. There are no peaks which come from the
B-sheet form. On the other hand, in the spectrum of PLV (Fig. 5 (e)), the
four intense peaks appear at 172.3, 58.6, 32.9 and 19.0 ppm and can be
assigned to the C=0, Ca, CB and Cy carbon, respectively. From these
13C chemical shift values, it is found that PLV takes the B-sheet form. There
are no peaks which come from the a-helix.
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Fig. 4. '>C CP/MAS NMR spectra of PLA (O), PLV (A) and PLA/PLV blend
samples which were prepared by adding their TFA solutions with 2.0 wt/wt% amount
of H,SO, to water (Method 4). Homopolpeptides of PLA (a-helix) and PLV (j-sheet)
are prepared using same condition as PLA/PLV (80/20, 50/50, 20/80) blend
samples. (a) PLA, (b) PLA/PLV (80/20), (c) PLA/PLV (50/50), (d) PLA/PLV (20/80)
and (e) PLV.

Next, the observed '*C CP/MAS NMR spectra for the PLA/PLV
blend samples with various ratios of 80/20, 50/50, and 20/80 (wt/wt%)
obtained by Method 5 are shown in Fig. 5 (b)—(d), respectively. In these
13C CP/MAS spectra a new peak for the Co carbon of PLA appears clearly
at 49.1-49.6 ppm. This peak can be assigned to the Ca carbon of PLA
with the B-sheet form by using the reference data as shown in Table 5.
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Table 4. Observed solid-state '*C chemical shifts of PLA, PLV and PLA/PLV blend
samples obtained by Method 4

Polypeptide sample 3C Chemical shift (ppm) Conformation
C=0 Ca Cp Cy
PLA 176.7 53.2 16.0 o-Helix*
172.5 49.5 20.7 B-Sheet”
PLV 174.9 65.5 28.7 20.9/19.0 a-Helix?
172.3 58.6 329 19.0 B-Sheet”
PLA? 176.8 53.2 15.8 PLA o-helix
PLA/PLV (80/20) 176.9 53.1 15.6 PLA o-helix
172.2 58.9 32.7 18.9 PLV B-Sheet
PLA/PLV (50/50) 176.8 53.2 15.7 PLA o-helix
172.0 58.6 324 18.9 PLV B-Sheet
PLA/PLV (20/80) 176.7 53.1 16.0 PLA o-helix
172.1 58.7 32.8 19.0 PLV B-Sheet
PLV® 172.0 58.6 32.8 19.0 PLV B-Sheet

“Refs. 21, 22, 26.
®Homopolypeptides of PLA (o-helix) and PLV (B-sheet) are prepared using same condition as
PLA/PLV (20/80, 50/50, 80/20) blend samples.

In order to clarify in detail the appearance of this new peak, the carbonyl
carbon region and the Ca, Cp and Cy carbon region in the spectrum of
the PLA/PLV blend, with a mixture ratio of 50/50, were expanded as
shown in Fig. 6. By computer-fitting the observed spectrum was decomposed
to a sum of Lorentzian lines, and then the components of the «-helix and
B-sheet forms for PLA and PLV were determined.

If we look at the spectra carefully, another new peak of the CPB carbon
of PLA appears at about 21.1 ppm, in addition to an intense peak assigned
to the o-helix form (16.0 ppm), and can be assigned to the B-sheet form
(21.1 ppm) by using reference data. These results show that the a-helix
form of PLA in the PLA/PLV blend samples are partially transformed to
the B-sheet form.

It is very significant to state that if only PLA is treated by TFA-
alkaline water (Method 5), then PLA does not change its conformation.
Nevertheless, when PLA/PLV blend samples prepared by the same
treatment are used then, the B-sheet form is formed. The origin of the
formation of the B-sheet form in PLA comes from the existence of PLV.
Therefore, it can be said that the B-sheet form of PLA in the PLA/PLV blends
is incorporated into the PLV with the B-sheet form and then takes the B-sheet
form by forming intermolecular interactions with PLV. Another component
of PLA remains in the o-helix form, and the B-sheet form of the PLA
chains intermolecular interactions with PLV chains is much more stable than
the a-helix form of the PLA chains themselves. Thus, the generation of same
conformations of PLA in PLA/PLV blends may be closely associated with
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Fig. 5. '°C CP/MAS NMR spectra of PLA (O), PLV (A) and PLA/PLV blend
samples which were prepared by adding their TFA solutions with a 2.0 wt/wt%
amount of H,SOy, to alkaline water (Method 5). Homopolypeptides of PLA (a-helix)
and PLV (B-sheet) are prepared using same condition as PLA/PLV (80/20, 50/50,
20/80) blend samples. The symbols of star(ys) show the new signals that were produced
by this blend condition. (a) PLA, (b) PLA/PLV (80/20), (c) PLA/PLV (50/50),
(d) PLA/PLV (20/80) and (e) PLV.

changes in the strength of intermolecular interactions between polypeptides,
which comes from rapid environmental changes which occur by adding the
TFA solution of PLA/PLV blends with a 2.0 wt/wt% of H,SO, to alkaline
water. These results are similar to those as reported previously’® where the
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Table 5. Observed solid-state '*C chemical shifts of PLA, PLV and PLA/PLV blend
samples obtained by Method 5

Polypeptide sample 3C Chemical shift (ppm) Conformation
C=0 Ca Cp Cy
PLA 176.7 53.2 16.0 o-Helix*
172.5 49.5 20.7 B-Sheet”
PLV 174.9 65.5 28.7 20.9/19.0 o-Helix*
172.3 58.6 329 19.0 B-Sheet”
PLA” 176.9 53.2 15.5 PLA o-helix
PLA/PLV 176.8 53.2 16.2 PLA o-helix
(80/20) 172.2 49.1 20.0 PLA B-Sheet
¢ 58.6 33.0 18.6 PLV B-Sheet
PLA/PLV 176.7 53.2 16.0 PLA o-helix
(50/50) ¢ 49.2 21.1 PLA B-Sheet
172.2 58.6 33.0 19.2 PLV B-Sheet
PLA/PLV 176.9 53.2 16.2 PLA o-helix
(20/80) ¢ 49.6 21.0 PLA B-Sheet
172.2 58.7 33.0 19.1 PLV B-Sheet
PLV’ 172.0 58.6 32.8 19.0 PLV B-Sheet

“Refs. 21, 22, 26.

®Homopolypeptides of PLA (a-helix) and PLV (B-sheet) are prepared using same condition as
PLA/PLV (20/80, 50/50, 80/20) blend samples.

“Not determined because of the overlap of the minor peak with the major peak.

conformation of the minor L-alanine residue component in the major B-benzyl
L-aspartate residue component in the copolypeptides depends on the
conformation of the major PB-benzyl L-aspartate residue component. When
the rL-alanine residues are hydrogen-bonded with the B-benzyl L-aspartate
residues with the B-sheet form, the L-alanine residues are incorporated into the
B-sheet form.

3.2. PLA/PLIL blends

The observed '*C CP/MAS NMR spectra of PLA, PLIL and the PLA/PLIL
(20/80, 50/50 and 80/20 wt/wt%) blend samples, prepared by adding a TFA
solution with a 2.0 wt/wt% amount of H,SOy, to alkaline water (Method 5), are
shown in Fig. 7. In the spectra, homopolypeptides of PLA (a-helix) and
PLIL (B-sheet) are treated using the same condition as for the mixture of
PLA/PLIL blend samples. The assignments of these spectra are made by
the above mentioned method. The '*C chemical shift values of these poly-
peptide samples are listed together with the reference data of PLA in the
right-handed a-helix form and the B-sheet form, and PLIL in the [B-sheet
form in Table 6.>'*%® The reference '*C chemical shift data were used
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Fig. 6. Expanded '*C CP/MAS NMR spectra for the carbonyl-carbon region and for
the Ca, CB and Cy carbons region of PLA/PLV (50/50) blend sample.

for conformational characterization as shown below. The three intense
peaks at 176.9, 53.3 and 15.5 ppm which appear in the spectrum of PLA
(Fig. 7a) can be assigned to the C=0, Ca and C carbons, respectively. From
these '*C chemical shift values, it is found that the PLA used in this work takes
the a-helix form. There are no peaks which come from the B-sheet form.
On the other hand, in the spectrum of PLIL (Fig. 7e), the six intense peaks
appear at 172.0, 58.1, 39.6, 25.9/15.0 and 12.3 ppm and can be assigned to the
C=0, Ca, CB, Cy/Cy and C§ carbons, respectively. From these '*C chemical
shift values, it is found that PLIL takes the B-sheet form.

The observed '*C CP/MAS NMR spectra for PLA/PLIL blend samples
with a mixture ratio of 80/20, 50/50 and 20/80 (wt/wt%) are shown
in Fig. 7 (b)—<(d). In the '*C CP/MAS spectra, there is a new peak for the
Ca carbon of PLA which appear clearly at 48.9-49.2 ppm. This peak can
be assigned to the Ca carbon of PLA in the B-sheet form. In order to clarify
in detail the appearance of this new peak, the C=0 carbon region and the
Ca, CB, Cy and Cd regions in the spectrum of the PLA/PLIL blend with
a mixture ratio of 50/50 (wt/wt%), were expanded as shown in Fig. 8.
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Fig. 7. '3C CP/MAS NMR spectra of PLA (O), PLIL (A) and PLA/PLIL blend
samples which were prepared by adding their TFA solutions with a 2.0 wt/wt% amount
of H,SO, to alkaline water (Method 5). Homopolypeptides of PLA (a-helix) and
PLIL (B-sheet) are prepared using same condition as PLA/PLIL (80/20, 50/50, 20/80)
blend samples. The symbols of star (Y¢) show the new signals that were produced by
this blend condition. (a) PLA, (b) PLA/PLIL (80/20), (c) PLA/PLIL (50/50),
(d) PLA/PLIL (20/80) and (e) PLIL.

By computer-fitting the observed spectrum was decomposed to a sum of
Lorentzian lineshapes, and then the fractions of the a-helix and B-sheet
forms for PLA and PLIL were determined. The PLA/PLIL blend sample with
a mixture ratio of 50/50 (wt/wt%) corresponds to the molar mixture ratio
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Table 6. Observed solid-state '*C chemical shifts of PLA, PLIL and PLA/PLIL blend
sample obtained by Method 5

Polypeptide '3C Chemical shift (ppm) Conformation
sample
Cc=0 Ca CB Cy Cd
PLA 176.7 53.2 16.0 o-Helix?
PLA 172.4 49.4 20.7 B-Sheet”
PLIL 172.0 58.0 38.6 25.9/15.0 12.0 B-Sheet”
PLA® 176.9 53.2 15.5 PLA o-helix
PLA/PLIL 176.7 53.2 15.5 PLA o-helix
(80/20) 172.1 49.2 20.3 PLA B-Sheet
¢ 58.1 38.8 25.7/c 12.2 PLIL B-Sheet
PLA/PLIL 176.7 53.2 ¢ PLA o-helix
(50/50) ¢ 49.1 20.5 PLA B-Sheet
172.1 58.0 38.7 25.6/15.0 12.3 PLIL B-Sheet
PLA/PLIL 176.7 53.2 ¢ PLA o-helix
(20/80) ¢ 48.9 20.3 PLA B-Sheet
172.1 58.0 39.6 25.7/15.0 12.3 PLIL B-Sheet
PLIL? 172.0 58.1 39.6 25.9/15.0 12.3 PLIL B-Sheet

“Refs. 21, 22, 26.

»Homopolypeptides of PLA (a-helix) and PLIL (B-sheet) are prepared using same condition as
PLA/PLIL (20/80, 50/50, 80/20) blend samples.

“Not determined because of the overlap of the minor peak with the major peak.

of 1.60. The determined (o-helix form + B-sheet form) peak intensity for the
Ca carbons of PLA(fpra) is much larger than that for the Ca carbons of
PLIL in the B-sheet form(fpyyr). Then, the ratio of fpp A/ fprir is about 1.61.
This is very close to a theoretical prediction of 1.60. This means that the
fractions of the o-helix form and the P-sheet form can be estimated by
3C CP/MAS NMR. Another new peak for the Cp carbon of PLA appears at
about 20.5 ppm, in addition to an intense peak assigned to the a-helix form
(16.0 ppm), and this can be assigned to the B-sheet form (20.5 ppm). These
results show that the a-helix form of PLA in PLA/PLIL blends is partially
transformed to the B-sheet form.

On the other hand, the observed '*C CP/MAS NMR spectra of the PLA,
PLIL and PLA/PLIL (80/20, 50/50 and 20/80 wt/wt%) mixture samples are
treated by adding a TFA solution with a 2.0 wt/wt% amount of H,SO4 to
water (Method 4), together with those of PLA and PLIL are shown in Fig. 9.
In the spectra, homopolypeptides of PLA (a-helix) and PLIL (B-sheet) are
treated using the same conditions as for PLA/PLIL (80/20, 50/50 and 20/80
wt/wt%) mixture samples, respectively.

From these spectra, it can be recognized that no new conformation, such
as those obtained by blending PLA and PLIL, is formed. This means that PLA
and PLIL are completely separate from each other.
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Fig. 8. Expanded '°C CP/MAS NMR spectra for the carbonyl carbon region and
for the Ca, CB, Cy and Cd carbons region of PLA/PLIL (50/50) blend sample.

3.3. PG/PLYV blends

The observed 'C CP/MAS NMR spectra of PG, PLV and the PG/PLV
(20/80, 50/50 and 80/20 wt/wt%) blend samples as prepared by adding a
TFA solution with a 2.0 wt/wt% amount of H,SO, to alkaline water (Method 5)
are shown in Fig. 10. In the *C CP/MAS NMR spectra, homopolypeptides
of PG (3;-helix) and PLV (B-sheet) are prepared using the same conditions as for
PG/PLV blend samples. The assignments of these spectra were made by the
above-mentioned method. The '*C chemical shift values of these blend samples
are listed together with those for PG in the 3;-helix form (PG-II) and the -sheet
form (PG-I), and PLV in the B-sheet form in Table 7.2"*>?° The two intense
peaks at 172.9 and 42.9 ppm, which appear in the spectrum of PG (Fig. 10 a) can
be assigned to the C=0 and Co carbons. From these '*C chemical shift values, it
is found that the PG used in this work takes the 3;-helix form. There are no peaks
which come from the B-sheet form. On the other hand, in the spectrum of PLV
(Fig. 10 e), the four intense peaks appear at 172.0, 58.6, 32.8 and 19.0 ppm and
can be assigned to the C=0, Ca, CP and Cy carbons, respectively. From these
13C chemical shift values, it is found that PLV takes the B-sheet form.

The observed '’C CP/MAS NMR spectrum for the PG/PLV (50/50)
blend sample is shown in Fig. 10 (c). In the '*C CP/MAS spectrum, a new
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Fig. 9. '*C CP/MAS NMR spectra of PLA (O), PLIL (A) and PLA/PLIL blend
samples which were prepared by adding their TFA solutions with a 2.0 wt/wt%
amount of H,SO4 to water (Method 4). Homopolypeptides of PLA (a-helix) and PLIL
(B-sheet) are prepared using same condition as PLA/PLIL (80/20, 50/50, 20/80) blend
samples. (a) PLA, (b) PLA/PLIL (80/20), (c) PLA/PLIL (50/50), (d) PLA/PLIL (20/80)
and (e) PLIL.

peak for the C=O carbon appears clearly at 169.5-169.9 ppm. This peak
can be assigned to the C=0 carbon of PG in the B-sheet form as seen from
Table 7. In order to clarify in detail the appearance of this new peak, the
carbonyl-carbon region and the Co, CB and Cy carbon regions in the
spectrum of the PG/PLV blend, with a mixture ratio of 50/50 (wt/wt%),
were expanded as shown in Fig. 11. By computer-fitting the observed
spectrum was decomposed, and then the fractions of the 3;-helix and B-sheet
forms for PG and PLV were determined.



CONFORMATIONAL STABILITY OF POLYPEPTIDES BY NMR 23

o o

(@

PG(3,-helix)
Cc=0 Ca

YO

oA
e A
(b) A A
oA
%
oA
VAS
A
=0 150 B

%O A

° R

%O

>
>
>

‘ \ PLV( B-s&eet)

100 Cal 50 CB Cy 0 ppm

(©)
(@ A
(e)

200

Fig. 10. '*C CP/MAS NMR spectra of PG (O), PLV (A) and PG/PLV blend samples
which were prepared by adding their TFA solutions with a 2.0 wt/wt% amount
of H,SO, to alkaline water (Method 5). Homopolypeptides of PG (3;-helix) and PLV
(B-sheet) are prepared using same condition as PG/PLV (80/20, 50/50, 20/80)
blend samples. The symbols of star (y¢) show the new signals that were produced by
this blend condition. (a) PG, (b) PG/PLV (80/20), (c) PG/PLV (50/50), (d) PG/PLV
(20/80) and (e) PLV.

Another new peak of the Ca carbon of PG appears at about 44.3 ppm
in addition to a small peak assigned to the 3;-helix form (42.6 ppm), and
can be assigned to the [B-sheet form (44.3 ppm). These results show that
the 3;-helix form of PG in the PG/PLV blends is almost transformed to the
B-sheet form.
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Table 7. Observed solid-state '*C chemical shifts of PG, PLV and PG/PLV blend
samples obtained by Method 5

Polypeptide '3C Chemical shift (ppm) Conformation
sample
C=0 Ca Cp Cy
PG 172.9 42.6 3;-Helix”
PG 169.0 443 B-Sheet”
PLV 172.3 58.6 329 19.0 B-Sheet”
PG’ 172.9 42.9 PG 3,-helix
PG/PLV 172.5 42.8 PG 3;-helix
(80/20) 169.5 44.0 PG B-Sheet
¢ 58.6 32.7 19.1 PLV B-Sheet
PG/PLV ¢ 42.8 PG 3;-helix
(50/50) 169.5 443 PG B-Sheet
172.2 58.9 329 19.0 PLV B-Sheet
PG/PLV ¢ 42.8 PG 3;-helix
(20/80) 169.9 44.5 PG B-Sheet
172.2 58.8 33.0 19.0 PLV B-Sheet
PLV® 172.0 58.6 32.8 19.0 PLV B-Sheet

“Refs. 21, 22, 26.

»Homopolypeptides of PG (3;-helix) and PLV (B-sheet) are prepared using same condition as
PG/PLV (20/80, 50/50, 80/20) blend samples.

“Not determined because of the overlap of the minor peak with the major peak.

3.4. PDA/PLYV blends

The observed '*C CP/MAS NMR spectra of PDA, PLV and the PDA/PLV
(50/50 wt/wt%) blend sample are prepared by adding a TFA solution with
a 2.0 wt/wt% amount of H,SO4 to alkaline water (Method 5) are shown
in Fig. 12. In the spectra, homopolypeptides of PDA (a-helix) and PLV
(B-sheet) are prepared using the same conditions as for PDA/PLV (50/50
wt/wt%) blend sample. The assignments of these spectra are made by the
above-mentioned method. The '*C chemical shift values of these polypep-
tide samples are listed in Table 8, together with the reference data of PDA
in the o-helix form, PLA in the B-sheet form and PLV in the [B-sheet
form.*'**?® Very small B-sheet C=0 and Co peaks appear at ca. 172 and
49 ppm, respectively, as a broad shoulder of an intense a-helix peak.
Therefore, it is difficult to obtain the exact chemical shift values of the PDA
B-sheet form. However, the chemical shift values of the PLA B-sheet form
may be the same as those of PDA. The three intense peaks at 176.6, 53.3
and 15.7 ppm which appear in the spectrum of PDA (Fig. 12 (a)) can be
assigned to the C=0, Ca and CJ carbons, respectively.

From these '*C chemical shift values, it is found that the PDA used in
this work takes the o-helix form. On the other hand, in the spectrum of
PLV (Fig. 12 c), the four intense peaks appear at 172.2, 58.9, 32.9 and
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Fig. 11. Expanded '*C CP/MAS NMR spectra for the carbonyl-carbon region and for
the Ca, CB and Cy carbons region of PG/PLV (50/50) blend sample.

19.0 ppm, and can be assigned to the C=0, Ca, CB and Cy carbons,
respectively. From these '*C chemical shift values, it is found that PLV takes
the B-sheet form.

We are concerned with the conformational characterization of a PDA/PLV
blend sample. The observed '*C CP/MAS NMR spectrum for the PDA/PLV
(50/50) blend sample is shown in Fig. 12 (b). In the '*C CP/MAS spectrum,
a new peak for the Ca carbon of PDA appears clearly at 48.9 ppm. This peak
can be assigned to the Ca carbon of PDA in the B-sheet form. In order to
clarify in detail the appearance of this new peak, the carbonyl-carbon
region and the Ca, Cf and Cy carbon regions in the spectrum of the PDA/PLV
(50/50) blend sample were expanded as shown in Fig. 13. By computer-fitting
the observed spectrum was decomposed, and then the fractions of the a-helix
and B-sheet forms for PDA and PLV were determined. Another new peak
of the CPB carbon of PDA appears at about 20.9 ppm, in addition to an
intense peak assigned to the a-helix form (15.7 ppm), and this can be
assigned to the B-sheet form (20.9 ppm). These results show that the a-helix
form of PDA in the PDA/PLV blends is partially transformed.



26 K. MURATA ET AL.

(@)

PDA(a-helix)

Cc=0 Ca CB

©

PLV(B-sheet)

200 150 100 50 Qppm
Cc=0 Ca B Cy

Fig. 12. '>C CP/MAS NMR spectra of PDA (O), PLV (A) and PDA/PLV blend
samples which were prepared by adding their TFA solutions with a 2.0 wt/wt% amount
of H,SO, to alkaline water (Method 5). Homopolypeptides of PDA (a-helix) and
PLV (B-sheet) are prepared using same condition as PDA/PLV (50/50) blend
samples. The symbols of star () show the new signals that were produced by this
blend condition. (a) PDA, (b) PDA/PLV (50/50) and (c) PLV.

From the above results, it is very significant to realize that the
homopolypeptides of PLA, PDA and PG in the helix form do not form the
B-sheet form used by the TFA-alkaline treatment (Method 5) for prepar-
ing blend samples. However the conformation of their blend samples, prepared
by the TFA-alkaline treatment (Method 5), is changed from the a-helix or 3-
helix form to the B-sheet form. Further, it can be said that the B-sheet form of
PLA, PDA and PG in the blend polymers is incorporated into PLIL and PLV
in the B-sheet form. It then takes the B-sheet form by forming hydrogen bonds
with PLIL and PLV, and the other components of PLA, PDA and PG take the
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Table 8. Observed solid-state '*C chemical shifts of PDA, PLV and PDA/PLV blend
samples obtained by Method 5

Polypeptide 3C Chemical shift (ppm) Conformation
sample
C=0 Ca Cp Cy
PDA“ 176.8 53.1 15.7 a-Helix”
PLA 172.4 49.4 20.7 B-Sheet”
PLV 172.3 58.6 329 19.0 B-Sheet”
PDA® 176.6 533 15.7 PDA a-helix
PDA/PLV 176.8 53.1 15.9 PDA a-helix
(50/50) d 48.9 20.9 PDA B-Sheet
172.2 58.6 32.7 19.0 PLV B-Sheet
PLV® 172.2 58.9 329 19.0 PLV B-Sheet

“Very small B-sheet C =0 and Ca peaks appear at ca. 172 and 49 ppm, respectively, as a broad
shoulder of an intense a-helix peak. Therefore, it is difficult to obtain the exact chemical shift
values of the PDA B-sheet form. As the chemical shift values of PDA f-sheet form, the chemical
shift values of PLA B-sheet form are showm instead of PDA as references data.

P Refs. 21, 22, 26.

“Homopolypeptides of PDA (a-helix) and PLV (B-sheet) are prepared using same condition as
PDA/PLV (50/50) blend sample.

“Not determined because of the overlap of the minor peak with the major peak.

helix form. Thus, we can say that the generation of the conformation of PLA,
PDA and PG in PLA/PLV, PLA/PLIL, PDA/PLV and PG/PLV blends may
be closely associated with changes in the strength of intermolecular interactions
between the polypeptides.

Such a conclusive consideration is certainly speculative. Nevertheless, it
may be acceptable because of the detailed analysis of the experimental data.
When each of the PLA, PDA, PG, PLIL and PLV samples was treated
under the same conditions as in the individual cases of their blends as described
above, the structure of polypeptides after its treatment did not change from the
original structure as seen from the '*C CP/MAS NMR experiments. On the
other hand, the structure of blended polypeptides after the treatment changes
significantly. Therefore, it can be said that such a change comes from
intermolecular interactions.

4. 'HT, » S OF HOMOPOLYPEPTIDES AND THEIR BLEND
COMPATIBILITY

As an NMR methodology for elucidating miscibility in the PLA/PLV,
PLA/PLIL, PDA/PLV and PG/PLV blends, the proton spin-lattice relaxa-
tion times in the rotating frame (‘HT » ) for homopolypeptides and their
blends in the solid state have been used. The "HT), value is very sensitive to the
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Fig. 13. Expanded '*C CP/MAS NMR spectra for the carbonyl-carbon region and
for the Ca, CP and Cy carbons region of PDA/PLV (50/50) blend sample.

domain size of individual polymers in polymer blends through the spin
diffusion process and thus can be used to study the miscibility of polymer
blends as shown above. Since the efficiency of spin diffusion is governed by
dipole—dipole interactions, knowledge of the rate of spin diffusion among
proton spins of individual polymers in polymer blends would provide useful
information about domain sizes in the region of 1.7-5.5 nm.>*""%2

Thus, more detailed information about the miscibility of PLA/PLV (50/50),
PLA/PLIL (50/50), PG/PLV (50/50) and PDA/PLV (50/50) blend samples
can be obtained by the 'HT), » experiments. The 3C CP/MAS NMR spectra
of PLA/PLV (50/50), PLA/PLIL (50/50), PG/PLV (50/50) and PDA/PLV
(50/50) blend samples are measured as a function of 'H spin-locking time, T,
at 0.01-10 ms. The intensities of the individual peaks decrease with an increase
in 7. The semi-log plot of the peak intensities for the individual carbons of the
blend samples, against 7, becomes a straight line, and from its slope the "HT) o
value is obtained. From the 'HT) » values, we can get information on the
relationship between individual homopolypeptide chains in the polypeptide
blend samples.
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4.1. 'HT, » experiments on polypeptide blends

A nuclear spin system achieves thermal equilibrium by exchanging energy
with its surrounding medium or the lattice which is governed by the NMR
relaxation rate. The lattice consists of all degrees of freedom associated with
the physical system of interest such as a polymer blend system. Experimen-
tally there are three kinds of relaxation times such as 7, spin—lattice or
longitudinal relaxation time (ns—us timescale), 75, spin—spin or transverse
relaxation time: (ms-s) and 7', spin-lattice relaxation time in the rotating
frame (us—ms).** 77 is sensitive to molecular motion on the MHz timescale,
T, is sensitive to the slow molecular motions and 7, is related to the
spin-locking field (kHz timescale).

Since macroscopic properties of polymer blends are influenced by the
degree of blending between component polymers,**® it is important to know
the size and morphological information of the domains in a blend. Miscibility
is a term based on thermodynamics, and a miscible state means a homoge-
neous single phase on a molecular level. In practice, the miscibility depends on
how closely we look at the blend; if the domain size is smaller than the
characteristic space scale of a particular observation, the blend appears to
be miscible/homogencous. A blend which is homogenecous for a certain
observation is often found to be heterogeneous by another observation with
a smaller scale of observation.

In solids, the different 'H relaxation rates of respective spins are averaged
by a mechanism called spin diffusion. Spin diffusion is the equilibration
process of non-equilibrium polarizations of spins at different local sites
through the mutual exchange of magnetization. Since the efficiency of spin
diffusion is governed by the strength of a dipole-dipole interaction, the
domain size of a blend can be estimated by analyzing the spin-diffusion rates
among component polymers.

A schematic illustration of how the relaxation process (7} or 7,) for
"H spins in a blend of polymers A and B proceeds with spin diffusion (SD)
is shown in Fig. 14. Here, we assume that (1) the 'H spins are divided into
two species: species A for polymer A and species B for polymer B, and (2)
both A and B are characterized by their common relaxation times 7o and T,
respectively. Suppose T is much shorter than 7, and the whole spins
are inverted by a m pulse. If spin diffusion between component polymers is
slow, the spin system may reach a situation where all of the 'H spins of
polymer A are fully relaxed or ‘up’, while those of polymer B are still ‘down’
(Fig. 14 (1)). Spin diffusion tries to average this polarization gradient created
by different 7 values, that is, to flip down the half of the 'H spins in polymer
B (Fig. 14 (2)). The down spins of polymer A quickly flip up to create a
polarization gradient again due to the short T of polymer A (Fig. 14 (3)),
and again spin diffusion tries to average it, and so on. After all, both spin
species eventually reach thermal equilibrium. When spin diffusion is much
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(6)

AMA

i

Fig. 14. A scheme of the spin—lattice relaxation process together with spin diffusion. A
and B are two kind of spins in the component polymers A and B. Its assumed that T} of
A is much shorter than that of B.

faster than the relaxation rates, any polarization gradient created is quickly
averaged, and both spins relax at a common rate. However, when spin
diffusion is very slow, the polarization gradient is not averaged, and both
spins relax with their respective relaxation rates. Then, the question arises as
to how fast should the spin diffusion be to achieve a common rate, or how
slow to keep different rates?

The equations describing the dynamics of magnetization in the two-spin
species may be given as follows:*

g(MA>_(—§A fAKC><MA) 1)
dt\ Mg )~ \/fsKc —é&s Mg
&a = Ka +f3Kc, &g = Kp +faKc, (2

where M;, f; and K; (i=A and B) denote the magnetization, proton molar
fraction and the intrinsic relaxation rate, respectively. K¢ is the spin-diffusion
(cross-relaxation) rate between A and B.

From numerical calculations using these equations, it can be shown that
when the spin-diffusion rate is at least 10 times faster than the K values,
the apparent relaxation decays for both M, and My become practically
identical and can be expressed by a single exponential with a common
relaxation rate. In this fast spin-diffusion case, the apparent relaxation rate
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K,.. may be given as a 'H mole weighted average of the intrinsic rates of
component polymers as®®*’

Kave :fAKA +fi3KB (3)

In evaluating Equation (3), one may use the relaxation rate of the pure
polymer A for Ka (=1/T4) and that of B for Ky (=1/Tp), provided that
blending does not alter molecular motion.

When the spin-diffusion rate is comparable to the K values, the relaxation
decay curves become non-single exponential, and when the spin-diffusion
rate is less than 10% of the K values, the relaxation decay curve can be
described by a single exponential with an intrinsic relaxation rate.

From these semi-quantitative estimations, one can regard that, if the
observed T; values for the component polymers are the same, the size of
the domain is small enough for spin diffusion to average the polarization
gradient among spins A and B created by the different intrinsic relaxation
rates. Then, the question arises as to how small the size of the domains
should be to realize fast spin diffusion? The maximum diffusive path length r
by spin diffusion in three-dimensions for a time 7' may be given as®®*’

? =6DT 4)

where D is the spin-diffusion constant. Note that the factor 6 in Equation (4)
may be different if one starts from a different model such as diffusion
from a 1D lamellar morphology ( in this case, the factor becomes 4/3),”"!
ID and 2D point sources (in these cases, the factor becomes 2 and 4,
respectively). Fortunately, however, such differences depending on the
model chosen are not serious when one deduces domain size from the
magnetic relaxation experiments. The typical D values are in the range of
107151071 m? 714879193 By putting D=5x10""° m’s~!, we obtain
r=17-55 nm for T values of 0.1-1 s, and r=1.7-5.5 nm for T, values of
1-10 ms. In other words, if the domain size is smaller than 17 nm, spin
diffusion can effectively average any polarization gradient created due to
T, values which differ by a few seconds. To phrase it differently, when
one observes the same 77 values for both component polymers, one can
regard the blend as homogencous on a scale of 17-55 nm. Similar criteria
hold for T, experiments on a scale of 1.7-5.5 nm.

By using high-resolution '*C solid-state  NMR, it is possible to
observe the 'H relaxation curve of each component polymer individually via
well-resolved '*C peaks. Due to the ease of Ty and T » experiments, these
criteria are frequently used to establish the length-scale over which the blend is
homogeneously mixed. Various factors affecting miscibility,>*3%41:45:46.31-53
such as molecular Weight,”"u’43 side-chain difference,**>3%%* number of
monomer units in the copolymer®’ and tacticity,”” have been investigated.



32 K. MURATA ET AL.

200 150 100 50 0 wm

Fig. 15. Typical *C CP/MAS NMR spectra of a PLA/PLV (50/50) blend as prepared
by adding the TFA solution with a 2.0 wt/wt% amount of H,SO,4 to alkaline water
(Method 5) are shown a function of proton spin-locking time .

4.2. PLA/PLV (50/50) blend

Typical '*C CP/MAS NMR spectra of the PLA/PLV (50/50) blend are
shown as a function of proton spin-locking time, 7, in Fig. 15. The intensities
of the individual peaks decrease with an increase in t. The semi-log plots of
the peak intensities for the individual carbons of PLA and PLV in the
blend against t are a straight line and from its slope the lHTlp value is
obtained. As a typical example, it is convenient to show the semi-log plot of
the peak intensity of the PLA Ca against the spin-locking time 7t in the
HT, » experiments on pure PLA with the a-helix form and PLA with the -
helix form in the PLA/PLV (50/50) blend in Fig. 16 (a). It is clear that there
are significant differences between the two slopes of the semi-log plots
for pure PLA with the a-helix form and for PLA in the PLA/PLV
(50/50) blend. The experimental errors are within+5%. From these plots,
the '"HT, , values of 22 and 16 ms are calculated, respectively. Similarly, the
'HT,, values for pure PLA and PLV in the PLA/PLV (50/50) samples can
be obtained. All of the 'H T, values of pure PLA, pure PLV, and the
PLA/PLV (50/50) samples are shown in Table 9. The 'H T} » values of the
shoulder peaks in the PLA C carbon region of the PLA/PLV (50/50) blend
are determined by computer-fitting the spectra obtained at various proton
spin-locking times.
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(") Pure PLA(0-helix) Ca

(o) PLA/PLV(50/50)blend sample
PLA(0-helix) Co

(") Pure PLA(0-helix) Cou

(o) PLA/PLIL(50/50)blend sample
PLA(0-helix) Ca

(") Pure PG(B-sheet) Ca.

(o) PG/PLV(50/50)blend sample
PG(B-sheet) Co.

(") Pure PDA(o-helix) Cou

(o) PDA/PLV(50/50)blend sample
PDA (o-helix) Ca

Fig. 16. Typical semi-log plots of the peak intensities for the pure homopoly-
peptides and blend samples against the proton spin-locking time 7. (a) PLA/PLV
(50/50), (b) PLA/PLIL (50/50), (c) PG/PLV (50/50) and (d) PDA/PLV (50/50).
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Table 9. Determined 'H 7} » values of PLA, PLV and PLA/PLV (50/50) blend samples
obtained by Methods 4 and Methods 5

Polypeptide sample "H 1 » (ms) Conformation
Cc=0 Ca Cp Cy

PLA 24 22 22 o-Helix
19 16 14 B-Sheet

PLV 15 14 15 15 [3-Sheet

PLA/PLV“ (50/50) 21 23 14 PLA o-helix
14 16 18 19 PLV B-sheet

PLA/PLV” (50/50) 19 16 13 PLA o-helix
16 19 ¢ PLA pB-sheet
16 17 16 15 PLV B-sheet

“TFA solution of PLA/PLV (50/50) with a 2.0 wt/wt% of H,SO, to water Method 4.

®TFA solution of PLA/PLV (50/50) with a 2.0 wt/wt% of H,SO, to alkaline water Method 5.

“Not determined because of the overlap of the minor CB (B-sheet) peak with the major
Cy (PLV) peak by computer fitting.

The 'H T, » values determined from the Co, Cp and C=O carbon signals
of pure PLA with the o-helix form are 22, 22 and 24 ms, respectively, and
those of the PLA (mixture of the B-sheet and o-helix forms, 1:1) with the
B-sheet form are 16, 14 and 19 ms, respectively. On the other hand, the
'H 1 » values determined from the Ca, CB, Cy and C=0 of pure PLV with
the B-sheet form are 14, 15, 15 and 15 ms, respectively. The 'H T, values
for PLA with the B-sheet form are somewhat longer than those for PLV
with the B-sheet form. However, the 'H T, values for PLA in the o-helix
form are much larger than those for PLA and PLV in the B-sheet form.
In the PLA/PLV (50/50) blend, the 'H T} » values determined from the Ca,
CpB and Cy of PLV in the B-sheet form are 17, 16 and 15 ms, respectively,
and are thus slightly larger than those for pure PLV. The 'H T} » values
determined from the Co and CP of PLA in the o-helix form, are 16 and 13
ms, respectively, and for the Ca carbon of PLA in the B-sheet form it is 19
ms. The 'H Ty, values for the a-helix form thus decrease. Hence, these 'H
T, values are very close to each other. This shows that proton spin diffusion
between the PLAs in the a-helix and B-sheet forms and PLV in the B-sheet
form occurs on the 'H T, time scale.

4.3. PLA/PLIL (50/50) blend

It is clear that there are significant differences between the two slopes of
the semi-log plots for the Ca carbon of pure PLA with the o-helix form and
the Ca carbon of PLA (a-helix form) in the PLA/PLIL (50/50) blend sample



CONFORMATIONAL STABILITY OF POLYPEPTIDES BY NMR 35

Table 10. Determined 'H T » values of PLA, PLIL and PLA/PLIL (50/50) blend
samples obtained by Methods 5

Polypeptide sample 'H T, » (ms) Conformation
C=0 Ca Cp Cy ()

PLA 27 27 26 o-helix

PLA 21 19 20 B-sheet

PLIL 11 11 11 12/11 11 B-sheet

PLA/PLIL (50/50) 16 17 a PLA o-helix
b 17 19 PLA p-sheet
12 14 13 14/14 14 PLIL B-sheet

“Not determined because of the overlap of the minor CB (PLA: o-helix) peak with the major
Cd (PLIL: B-sheet) peak by computer fitting.

»Not determined because of the overlap of the minor C=0 (PLA: P-sheet) peak with the
major C=0 (PLIL: B-sheet) peak by computer fitting.

(Fig. 16 (b)), and the experimental error is within+5%. From these plots,
the 'H T, , values of 27 and 17 ms for these samples can be calculated,
respectively. Similarly, the significant 'H 7 » values for PLA and PLIL in
the PLA/PLIL (50/50) samples can be obtained. All of the 'H T,, values
of PLA, PLIL and the PLA/PLIL (50/50) blend samples are shown in
Table 10. The 'H T, values for the CB and the C=O carbons of the PLA/PLIL
(50/50) blend indicated by « and b in Table 10, could not be determined
because of the overlap of the minor CB (PLA: a-helix) peak with the major Cy
(PLIL) peak and the minor C=0 (PLA: B-sheet) peak with the major C=0
(PLIL) peak as determined by computer-fitting.

The 'H T, » values determined from the Co, CB and C=O carbon signals
of pure PLA in the a-helix form are 27, 26 and 27 ms, respectively, and those
of the PLA (mixture of the B-sheet and a-helix forms, 1:1) with the B-sheet
form are 19, 20 and 21 ms, respectively. However, the 'H T, » values
determined from the Ca, CB, Cy, C& and C=0 carbons of pure PLIL in the
B-sheet form are 11, 11, 12/11, 11 and 11 ms, respectively. The 'H T,
values for PLA in the B-sheet form are larger than those for PLIL in the
B-sheet form. However, the 'H Ty » values for PLA in the o-helix form are
much larger than those for PLA and PLIL in the (-sheet form. In the
PLA/PLIL (50/50) blend, the '"H T, values determined from the Cao, CB, Cy,
Cd and C=0 of PLIL in the B-sheet form are 14, 13, 14/14, 14 and 12 ms,
respectively, and are thus slightly larger than those for pure PLIL. The
'H T,, values determined from the Co and CP carbons of PLA in the
B-sheet form are 17 and 19 ms, respectively, and the Co of PLA in
the o-helix form is 17 ms. Hence, these 'H T} » values are very close to each
other. This shows that proton spin diffusion between the PLAs in the
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Table 11. Determined 'H Ty, values of PG, PLV and PG/PLV (50/50) blend samples
obtained by Method 5

Polypeptide 'H 1, » (ms) Conformation
sample
C=0 Cao Cp Cy

PG 17 18 3,-Helix
PG 13 13 [-sheet
PLV 19 19 18 18 B-sheet
PG/PLV (50/50) a 15 PG 3;-Helix

16 16 PG B-sheet

13 14 14 12 PLV B-sheet

“Not determined because of the overlap of the minor C=0 (PG: 3;-helix) peak with the major
C=0 (PLV: B-sheet) peak by computer fitting.

o-helix and B-sheet forms and PLIL in the B-sheet form occurs on the 'H T} o
time scale.

4.4. PG/PLYV (50/50) blend

From Fig. 16 (c), it can be seen that 'H T} » values of the Cu of pure PG in
the B-sheet form and the Co of PG in the p-sheet form in the
PG/PLV (50/50) blend sample are 13 and 16 ms, respectively. Similarly,
the significant 'H T, values for PG and PLV in the PG/PLV (50/50)
blend sample can be obtained. All of the determined 'H T), values of
PGs, PLV and PG/PLV (50/50) blend samples are shown in Table 11, where
the 'H Ty, value for the C=0O carbon of PG/PLV (50/50) indicated by «
(in Table 11) could not be determined because of the overlap of the minor C=0
(PG: 3;-helix) peak with the major C=0O (PLV: B-sheet) peak as determined
by computer-fitting.

The 'H T, , values determined from the Co and C=O signals of pure
PG in the B-sheet form are 13 and 13 ms, respectively, and those for pure
PG in the 3;-helix form are 18 and 17 ms, respectively. On the other hand,
the '"H T, » values determined from the Ca, CB, Cy and C=O of pure PLV in the
B-sheet form are 19, 18, 18 and 19 ms, respectively. The 'H T, , values for PG in
the 3;-helix form are larger than those of PG in the B-sheet form, and are
somewhat smaller than those of PLV in the B-sheet form. In the PG/PLV (50/
50) blend, the 'H T » values determined from the Co,, Cp and Cy of PLV in the
B-sheet form are 14, 14 and 12 ms, respectively, and are smaller than those for
pure PLV. The 'H T} , value determined from the Ca of PG in the 3;-helix form
is 15 ms, and that from the Co of PG in the B-sheet form is 16 ms. These values
are approximately equal to each other. This shows that proton spin diffusion,
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Table 12. Determined 'H T, » values of PDA, PLV and PDA/PLV (50/50) blend
samples obtained by Method 5

Polypeptide 'H 1, » (ms) Conformation
sample
C=0 Ca Cp Cy
PDA 26 25 26 a-Helix
PLA? 21 19 20 B-sheet
PLV 19 19 18 18 B-sheet
PDA/PLV (50/50) 17 20 19 PDA o-Helix
b 18 17 PDA B-sheet
18 16 16 16 PLV B-sheet

“As the 'H T, values of PDA B-sheet form have not been reported, the 'H T, values of PLA
B-sheet form have been shown instead of PDA.

»Not determined because of the overlap of the minor C=0 (PDA: B-sheet) peak with the
major C=0 (PLV: B-sheet) peak by computer fitting.

between the PGs in the 3;-helix and B-sheet forms and PLV in the B-sheet form,
occurs on the 'H 77, time scale.

4.5. PDA/PLV (50/50) blend

As shown in Fig. 16 (d), it is clear that there are significant differences between
the two slopes of the semi-log plots for the Ca of pure PDA in the a-helix
form and the Ca of PDA in the a-helix form in the PDA/PLV (50/50)
blend. From these slopes, the 'H 7}, values of 25 and 20 ms can be
calculated, respectively. Similarly, the significant 'H T, values for PDA
and PLV in the PDA/PLV (50/50) blend sample can be obtained. All of
the determined 'H T} » values of the PDA, PLV and PDA/PLV (50/50)
blend samples are shown in Table 12, where the 'H 7, » value of the C=0
of PDA/PLV (50/50) indicated by b (in Table 12) could not be determi-
ned because of the overlap of the minor C=0 (PDA: B-sheet) peak with
the major C=0 (PLV) peak as determined by computer-fitting. The 'H T o
values of the PDA B-sheet form are not known. However, the 'H T, » values
of the PLA B-sheet form may be the same as those of PDA.

The 'H T, » values determined from the Co, CP and C=O signals of pure
PDA in the o-helix form are 25, 26 and 26 ms, respectively, and those of
the PLA (mixture of the B-sheet and a-helix forms, 1:1) in the B-sheet form
are 19, 20 and 21 ms, respectively. However, the 'H T 1, values determined
from the Ca, CB, Cy and C=0 of pure PLV in the B-sheet form are 19, 18,
18 and 19 ms, respectively. The 'H T » values for PLV with the B-sheet
form and PLA in the B-sheet form are very close to each other. However, the
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'H T, values for PDA in the o-helix form are larger than those for PLA
and PLV in the B-sheet form. In the PDA/PLV (50/50) blend, the 'H T,
values determined from the Ca, CB and Cy of PLV in the B-sheet form are
16, 16 and 16 ms, respectively, and are thus slightly smaller than those for
pure PLV. The 'H T}, values determined from the Co and CB of PDA in the
a-helix form are 20 and 19 ms, respectively, and for the Ca and CP of
PDA in the B-sheet form are 18 and 17 ms, respectively. These 'H T} » values
are approximately equal to each other. This shows that proton spin diffusion
between the PDAs in the a-helix and B-sheet forms and PLV in the B-sheet
form occurs on the 'H T » time scale.

4.6. The domain size of blends

In all of the polypeptide blend samples obtained by Method 5, the proton
spin diffusion between each homopolypeptide occurs on the 'H T o time scale.
The maximum effective diffusion distance was obtained from these
'H 7,, values. The maximum effective diffusion distance L of the proton
spin diffusion is expressed by the following equation (5) from equation (4),

L= (6Dspint)]/2 (5)

In this work 'H Ty, is used for r. Although the value of Dy, may
somewhat depend on the different proton densities in the blend systems, the
average Dgpin has been used in the analysis of polymer blend systems.
In general, in the T, experiments on polymer blends 107'% ecm?/s, as the
averaged value, has been used for determining qualitatively or semi-
quantitatively the domain size of the blend systems.***”?1"3 By substituting
the '"H T » values averaged over all of the protons for PLA/PLV (50/50),
PLA/PLIL (50/50), PG/PLV (50/50) and the PDA/PLV (50/50) blend
samples into equation (5), we can approximately estimate L to be about
3 nm as the domain size (in Table 13). This shows that the domain size
of the individual polypeptides in the blend is not so large, and they are
miscible at the molecular level. It can be said that this equation should be
used for qualitative or semi-quantitative discussions of the miscibility of
polymer blends as suggested by many reports,>’-323438.39.41.45-47.49.51-33.94.96

We note that PLA with the (-sheet form in the PLA/PLV blends is
incorporated into PLV in the B-sheet form and then takes the B-sheet form
by making intermolecular interactions with PLV. However, the other
component of PLA takes the o-helix form. In addition, proton spin
diffusion between the PLAs in the a-helix and B-sheet forms and PLV in the
B-sheet form occurs on the 'H T, time scale and so PLA and PLV are
miscible at the molecular level with a domain size of about 3 nm. The other
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Table 13.  Averaged 'H T} » values and maximum effective diffusion
distance (L) of polypeptide blend samples

Blend sample 'H T, » (ms)“ L(nm)
PLA/PLV(50/50) 16 3.1
PDA/PLV(50/50) 18 3.3
PG/PLV(50/50) 15 3.0
PLA/PLIL(50/50) 16 3.1

“The 'H T, value averaged over all of the protons.

three kinds of PLA/PLIL, PG/PLV and PDA/PLV blend samples, are also
miscible at the molecular level with a domain size of about 3 nm.

5. TWO-DIMENSIONAL "*C-'"H HETCOR SPECTRAL ANALYSIS
AND STRUCTURAL CHARACTERIZATION OF
POLYPEPTIDES BLENDS

It is very important to obtain more detailed information about the relation-
ship between the character and miscibility of polypeptide blends. For example,
the PG/PLV (50/50) blend sample, the preferred conformation of the PLV is
he B-sheet which exists in the PG/PLV (50/50) blend sample. On the other
hand, the 3;-helix form of PG in PG/PLV blends is almost transformed to the
B-sheet form in the PG/PLV blend sample. We have been expecting two
kinds of hydrogen bonding interactions with the B-sheet. One is a B-sheet
conformation of intermolecular HB interactions between the PG and PG,
and another is a [B-sheet conformation of intermolecular HB interactions
between the PG and PLV. It is important to discuss the blend mechanism.
The relationships between the starting materials, the preferred conformations
and the new HB interactions are shown in Fig. 17.

Thus, it is useful to get more detailed information about the miscibility
of polypeptides and to understand the polypeptide blend by using further
sophisticated NMR methodology.

Recently, the two-dimensional '*C—"H heteronuclear correlation (HETCOR)
NMR method, using the frequency-switched Lee-Goldberg (FSLG) 'H
decoupling sequence® at high MAS rates, has been developed, in order to
provide intermolecular and spatial distance information. The HETCOR
spectrum often has multiple proton cross peaks for each carbon, and these
cross peaks can be extremely helpful for assigning the spectrum. Thus, this
method can be used to characterize the structure of polymers in solids.” 7'

Thus, in this section, we aim to introduce the 2D FSLG *C-'H HETCOR
NMR?> spectrum of a PG/PLV (50/50) blend sample and to elucidate the
intermolecular HB interactions between PG and PLV chains.
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Fig. 17. The relationship between starting materials, preferred conformations and
new conformations for PG/PLV (50/50) blend sample.

Further, a molecular model for the anti-parallel [B-sheet
conformation of PG and PLV have been calculated using the X-PLOR 3.1
program, and we have measured carbon—proton distances from the modeled
structure.
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5.1. Frequency-switched Lee—-Goldburg (FSLG) '*C-"H heteronuclear
correlation (HETCOR) experiments

Solid-state NMR spectroscopy has been extensively used to investigate
biological systems such as polypeptides and proteins, with most studies
focusing on the well resolved '*C or "N spectra. The resolution of solid
state "H NMR spectra is poor due to very strong dipolar—dipolar couplings
between protons which results in extremely broad lines. The informa-
tion available from 'H NMR could be very useful for studying ionizable
groups involved in hydrogen bonding or proton transfer reactions. Several
methods have been developed to increase the resolution and decrease the
line width of "H NMR spectra. The line narrowing in the proton dimension
is generally achieved by application of combined rotation and multiple pulse
spectroscopy (CRAMPS) techniques to suppress the strong homonuclear
dipolar interactions between the abundant protons.’’>%60:68:97103 However,
in a high-speed MAS NMR study of, for instance, biological systems,
the use of multiple-pulse techniques to study the proton chemical-shift
dispersion is limited for several reasons. First, the application of multiple-
pulse techniques usually requires cycle times that are short compared to the
rotor period. This effectively puts a restriction on the spinning speeds
that can be used in practise and the efficacy of the MAS averaging. It
also limits the possibilities for application of CRAMPS techniques in high-
field MAS, where high spinning speeds will be required to obtain sufficient
resolution in multi-dimensional spectra. For instance, the pulse sequence
WAHUHA-4, which has the shortest cycle time, performs well only at
moderately high spinning rates. More-elaborate CRAMPS sequences require
longer cycle times, and the possibility for application in high-speed MAS
will be even less favourable. In addition, biological MAS NMR studies must
be often performed at low temperature, which makes the use of tuned-
up multiple-pulse sequences impractical.

However, the measurement of a '*C-'H heteronuclear intermolecular
distance is potentially an important tool in the structure determination
of solids,”® " since it can provide restraints that can be used for structure
refinement by modeling. Information about the inter-nuclear distance between
two spins can be deduced from the strength of the '*C-'H heteronuclear
dipolar interaction. For a static sample, the dipolar interaction between
the two spins of a heteronuclear spin-pair yields a symmetric Pake doublet,'"*
in which the separation between the two maxima provides a direct measure
for the heteronuclear dipolar coupling strength. MAS, however, averages
the heteronuclear dipolar interactions and gives rise to a pattern of
spinning sidebands, with the relative intensities of the spinning sidebands
determined by both the dipolar interaction and the chemical shift.'*

A useful approach to solve these problems is solid-state two-
dimensional (2D) *C—'H heteronuclear correlation (HETCOR) spectroscopy.
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2D HETCOR can enhance 'H resolution. Moreover, it can separate the
dipolar interaction from the chemical shift interactions of each nucleus; one
dimension is correlated with the dipolar coupling to neighbouring spins in the
second dimension.®*'% "2 The first HETCOR experiments were proposed by
Caravatti er al.”*>" and were later modified by Burum and Bielecki,”™ who
designed the first method which produced well-resolved lines with little
experimental difficulty. This experiment uses a BLEW-12 windowless
homonuclear proton decoupling sequence with simultaneous BR-24 decou-
pling of "H from '*C, which provides pure 'H chemical shift evolution. Mixing
is achieved by a WIN-24 sequence which selectively transfers magnetization
from a 'H to a strongly coupled '*C. This method provides well-resolved
correlation maps in a straightforward manner. However, a severe limitation of
the sequence is the use of a homonuclear decoupling sequence with long cycle
times. These impose a limit on the maximum usable MAS spin rate since the
rotation period must be long compared to the sequence cycle time. In practice a
5 kHz spin rate is the upper limit even for high RF power levels and short
pulses. This is obviously a problem at high magnetic field strengths, where
spinning rates of more than 10 kHz are required in order to sufficiently
separate spinning sidebands from the spectral range of interest. However, with
the availability of high-performance CP/MAS equipment for field strengths
much higher than 7 T, it is very desirable to make use of the much higher
proton shift dispersion at high fields.

For the above reasons, a new pulse sequence™ has been developed which
can operate at a very high spinning rate (limited only by the applicability
of cross polarization) and is extremely simple and reliable in setup and
reproducibility. Suppression of proton homonuclear dipolar interactions and
observation of proton chemical shift evolution is achieved by a frequency-
switched Lee—Goldberg sequence (FSLG), which has an inherently short
cycle time since it consists of only two pulses with 2r flip angles.''® These
pulses can be applied at high spin rates without simultaneous decoupling
of protons from the X-spin. Therefore, at high RF power levels, the rate
is typically 10 ps, which is short compared to the MAS period, and may
be used with less risk of RF breakthrough in the probe. Modern NMR
spectrometers enable rapid coherent switching of both frequency and
phase of the RF during a pulse, and the FSLG sequence is relatively
straightforward to implement. Since the only parameters that need to be
adjusted are the offset frequency A;g and the duration of the successive
frequency intervals 7, the sequence is robust and can easily be readjusted
if necessary. Mixing is achieved with a simple Hartmann-Hahn contact, in order
to select for correlations via strong heteronuclear dipolar couplings and to
avoid cross peaks due to spin diffusion in the proton reservoir.

We introduce the use of solid-state 2D FSLG '*C-'H HETCOR experi-
ments for correlating intermolecular interactions in miscible, hydrogen
bonded polypeptide blends in this section. The pulse sequence that is used
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Fig. 18. The pulse sequence for measuring the 2D heteronuclear correlation NMR
spectrum with frequency-switched Lee-Goldburg irradiation during the evolution.

in this section is depicted in Fig. 18. The sequence starts with a (/2 +6,,),
pulse on the protons, directly followed by a train of frequency- and phase-
switched LG pulses in the xz plane. After the evolution period, the proton
magnetization is turned back by a single magic angle y pulse, which will
turn any component perpendicular to the LG pulse back into the xy plane,
and which will bring the spin-locked component along the LG-pulse back
to the z axis. The resulting 'H magnetization after variable contact times
is transferred to the '*C spins by CP. Although the high speed MAS
is needed to obtain a narrowed proton resonance, the Hartmann-Hahn
matching and corresponding efficiency of CP magnetization transfer is
very sensitive to rf power instabilities at high MAS frequencies. In this
pulse sequence (Fig. 18), ramped-amplitude CP (RAMP-CP)''* is used for
protons to restore a broader matching profile. Further, to obtain high
resolution '"H NMR spectra, two pulse phase-modulation (TPPM) decoupling
is also used during the acquisition time.

5.2. Structural modelling of PG and PLV with the anti-parallel B-sheet form

The structural modeling of PG and PLV with the anti-parallel B-sheet form
is carried out by the hybrid distance geometry-dynamic simulated annealing
method''” as contained in the X-PLOR 3.1 program.''® For structural
calculations, the proton—proton distance restraints and the torsion angle
restraints (¢ =—139° and y=135°) are derived from reference data by
Wiithrich ez al."'” Hydrogen-bond distance restraints are used for the N and
O atoms (2.7-3.3 A) in the secondary structure.''®'*° The reference data
of intra- and intermolecular proton—proton distances are shown in Fig. 19.
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(a) Intramolecular

O=-139°
Y= 135¢

(b) Intermolecular

Fig. 19. Intra- (a) and intermolecular (b) proton—proton distances in regular, non-
twisted antiparallel B-sheet.

A final set of 10 lowest-energy structures are selected from 30 calculated
results, where the structures with distance and dihedral angle >0.5 A and 5°,
respectively, are omitted. The average coordinates of the ensembles of the
preferable 10 structure candidates are subjected to 500 cycles of Powell
restrained energy minimization to improve non-bonded contacts. The modelling
structure was embodied by RasMol."?! (Fig. 20). The intra- and inter-nuclear
distances of the antiparallel B-sheet conformation for PG/PLV have been
measured by using the Insight IT program, and they are shown in Table 14.

5.3. '3C-"H HETCOR spectral analysis and structural characterization

The HETCOR spectrum often has multiple proton cross peaks for each
carbon, and these cross peaks can be extremely helpful for assigning the
spectrum. Thus, this method can be used to characterize the structure of
polymers in solids.” "'
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PLV Chain

PG Chain

Fig. 20. The molecular model of antiparallel B-sheet confirmation for PG/PLV
obtained by X-PLOR 3.1.

Table 14. The calculated carbon—proton distances for antiparallel B-sheet for the
PG-PG, PLV-PLV and PG-PLV

Distances (A)

Intramolecular Intermolecular

PG-PG PLV-PLV PG-PLV PLV-PG
Co—Ha 1.08 1.08 3.09-3.30 3.17-3.34
Co—Hp - 2.15 4.30-6.04 -
Co—Hy - 2.53-3.39 3.32-6.65 -
Co-HN 2.15 2.15 3.93-4.23 4.00-4.23
CB-Ha - 2.15 - 3.90-6.54
CB-Hy - 2.15 - -
CB-HN - 2.89 - 4.12-5.04
Cy-Ha - 2.68-3.43 - 3.56-6.32
Cy-Hp - 2.15 - -
Cy-HN - 2.67-3.64 - 3.21-6.20
C=0-Hu 2.15 2.15 3.80-4.00 3.72-4.01
C=0-Hp - 2.62-2.72 4.34-6.70 -
C=0-Hy - 2.39-4.15 3.27-7.10 -
C=0-HN 1.98 1.98 3.17 3.17

A two-dimensional (2D) FSLG "*C-'H HETCOR spectrum with a short
contact time (0.2 ms) of a PG/PLV (50/50) blend is shown in Fig. 21. The
horizontal axis (F2) corresponds to the '*C (chemical shift range: 3 to
+182 ppm), and the vertical axis (FI) corresponds to the 'H (chemical shift
range: —1 to +12 ppm). A one-dimensional (1D) '*C CP/MAS spectrum
for the horizontal ('*C) axis is shown at the top of this Figure. In the
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Fig. 21. The 2D FSLG '"*C-'H HETCOR spectra of PG/PLV (50/50) blend sample
with contact time of 0.2 ms.

spectrum, the intense correlations arise from the dipolar coupling between
the carbons and their directly-bonded protons. The corresponding signals
for the Ca and Ha (Co—Ha) dipolar coupling in PG (B-sheet) and for the
Co—Ha, CB-Hp and Cy-Hy dipolar couplings in PLV appear. Further, other
weak correlation peaks are observed for the Ca—Hy, CB-Hy, Co—NH and
C=0-Hu dipolar couplings in PLV, and for the Co—NH and C=0-Ha dipolar
couplings in PG (B-sheet).

In the 'H spectrum, the peaks at 9.3 and 4.7 ppm can be assigned to the
NH and Ha protons of PG in the B-sheet form, respectively, and further
peaks at 10.3, 5.6, 2.3 and 1.1 ppm to the NH, Ho, Hf and Hy protons
of PLV in the B-sheet form, respectively. The 'H peaks for PG in the
3,-helix form are not assigned by the FSLG HETCOR method with a contact
time of 0.2 ms because the 3;-helix form in PG is the minor component.
The FSLG '*C-'"H HETCOR spectrum with a contact time of 0.5 ms
(Fig. 22) shows the correlation signal between the Co and the Hao of
PG in the 3,-helix form, and the 'H chemical shift of the Ho is 4.3 ppm.
Each of the 'H signals have sufficiently large chemical shift differences to
permit analysis of the corresponding correlation signals.
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Fig. 22. The 2D FSLG "*C-'H HETCOR spectra of PG/PLV (50/50) blend sample
with contact time of 0.5 ms.

Further, correlation signals for the C=0O-NH, C=0-Hp, C=0-Hy and
Cy—Ha dipolar couplings in PLV, and for the C=0O-NH dipolar coupling in
PG with the B-sheet form are observed. In addition, it is very significant
to note that the intermolecular correlation signals for the PG(B-sheet)
Co—PLV(B-sheet)Ha, PG(B-sheet)Co—PLV(B-sheet)NH, PG(B-sheet)C=0—
PLV(B-sheet)Ha and PG(B-sheet)C=0O-PLV(pB-sheet)NH dipolar couplings
are observed.

However, the 2D FSLG '*C-'H HETCOR spectrum with a long contact
time of 1.5 ms (Fig. 23) shows a significant and new signal. In order to
clarify the appearance of this new signal, the carbonyl carbon signal region
and the Co, CB and Cy signal regions in the HETCOR, spectrum with a
contact time of 1.5 ms, are expanded as shown in Fig. 24. The new
correlation signal appears between the Cy of PLV (B-sheet) at 19 ppm and the
Ha of PG (B-sheet) at 4.7 ppm as shown by the arrow in Fig. 24,

In order to get more detailed information, 'H slice projection of the Ha
(47 ppm) and NH (9.3 ppm) of PG (B-sheet), Hy (1.1 ppm) and Hf
(2.3 ppm) protons of PLV (B-sheet), and that of the Ha (5.7 ppm) and NH
(10.3 ppm) of PLV (B-sheet) are shown in Figs. 25-27, respectively.
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Fig. 23. The 2D FSLG "*C-"H HETCOR spectra of PG/PLV (50/50) blend sample
with contact time of 1.5 ms.

From these spectra, intermolecular correlations are shown more clearly.
For example, the slice spectra of the Ha for PG (B-sheet) show the
intermolecular correlations with the C=0, Ca and side chains of PLV
(B-sheet), and also the sliced spectra of the Ha for PLV (B-sheet) show the
intermolecular correlations with the C=0 and Ca of PG (B-sheet). Similarly,
the sliced spectra of the NH for PG (B-sheet) show the intermolecular
correlations with the C=0, Co and side chains of PLV (B-sheet), and
those of the NH of PLV (B-sheet) show the intermolecular correlations with
the C=0 and Cua of PG (B-sheet).

In order to clarify the relationship between cross peaks and carbon-—
proton inter-atomic distances, molecular model for the anti-parallel B-sheet
conformation of PG and PLV have been calculated using reference data
(Wiithrich, et al)''” by the X-PLOR 3.1 program, and we measured the
carbon—proton distances from the modeled structure (Table 14). The dis-
tances between the carbons and their directly bonded protons are ca. 1.1 A
and their signals can be observed in the FSLG "C-'H HETCOR
spectrum with contact time of 0.2 ms. Further, in the FSLG "“C-'H
HETCOR spectrum with a contact time of 0.5 ms the signals corresponding
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Fig. 24. Expanded 2D FSLG '*C—"H HETCOR spectra for the carbonyl carbon
region and for the Ca, CB and Cy carbons region of PG/PLV (50/50) blend sample
with contact time of 1.5 ms.

to another intramolecular carbon—proton distance, which is less than 3 A, are
observed.

The correlation signals between PG and PLV corresponding to an
intermolecular distance less than 4 A are observed in the FSLG *C-'H
HETCOR spectra with a contact time of 0.5 ms. Further, the correlation
signals between PG (Ha) and the side chain of PLV (Cy) are observed
only in the FSLG '*C-'H HETCOR spectra with a long contact time of
1.5 ms. For the modeled structure, the intermolecular distance between
PG (Ho) and the side chain of PLV (Cy) are obtained to be in the
3.56-6.32 A range.

These intermolecular correlation peaks mean that intermolecular cross
polarization (CP) occurs between the carbon and proton of intermolecular —
interacting polypeptides in blend. There may be two pathways for the
observed intermolecular CP. One is that a direct transfer from proton to
carbon exists, and another is that a change in the magnetization by spin
diffusion (homonuclear Hartmann—Hahn transfer) exists. It is thought that the
former is much more efficient than the latter because the former comes from
only one magnetization transfer process, but the latter comes from two
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Fig. 25.  One-dimensional slices along the horizontal axis of the 2D FSLG '*C—"H
HETCOR spectra taken at (a) 4.7 ppm (PG (B) : Ho) and (b) 9.3 ppm (PG (B) : HN) on
the 'H chemical shift axis. The contact time used in this experiment: 1.5, 0.5 and 0.2 ms.

magnetization transfer processes. Further, it can be said that as the FSLG
3C-'"H HETCOR pulse program is used in this experiment, the intermole-
cular correlations through strong heteronuclear dipolar couplings are
mainly observed and thus the appearance of cross peaks due to spin diffu-
sion in the proton reservoir is avoided. From the above experimental results,
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Fig. 26.  One-dimensional slices along the horizontal axis of the 2D FSLG '*C-'H
HETCOR spectra taken at (a) 1.1 ppm (PLV (B) : Hy) and (b) 2.3 ppm (PLV (B) : HP)
on the 'H chemical shift axis. The contact time used in this experiment: 1.5, 0.5
and 0.2 ms.

it can be concluded that the backbones of the two kinds of PG (j-sheet)
and PLV (B-sheet) are very close to each other and thus they are highly
miscible at the molecular level.

However, side chain protons of PLV (B-sheet), especially the Hy, have a
very weak intermolecular correlation with the carbons of PG (B-sheet).
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Fig. 27.  One-dimensional slices along the horizontal axis of the 2D FSLG "*C-'H
HETCOR spectra taken at (a) 5.6 ppm (PLV (B) : Ha) and (b) 10.3 ppm (PLV () : HN) on
the "H chemical shift axis. The contact time used in this experiment: 1.5, 0.5 and 0.2 ms.

The molecular modeling shows that side chain protons are not so far from
cach other, as the distances of PLV(B-sheet)Hy-PG(B-sheet)Ca and
PLV(B-sheet)Hy-PG(p-sheet)C=0 are in the 3.32-6.65 and 3.27-7.10 A
ranges, respectively. It is caused by rapid rotational motion of the methyl

group of PLV.
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Table 15. Observed 2D FSLG '*C-'H HETCOR correlation peaks of PG/PLV
(50/50) blend sample and calculated carbon—proton distances for antiparallel B-sheet
for the PG-PLV

Polypeptides Calculated carbon—proton Contact time (ms)
distances (A)
0.2 0.5 1.5
PG-PG Co—Ha 1.08 © © ©
Cao—HN 2.15 A © ©
C=0-Hu 2.15 A © ©
C=0O-HN 1.98 © ©
PLV-PLV Co—Ha 1.08 © © ©
Co—Hp 2.15 A © ©
Co-Hy 2.53-3.39 A © ©
Co—HN 2.15 A © ©
CB-Ha 2.15 O O
CB-HB 1.08 © © ©
CB-Hy 2.15 © ©) ©
CB-HN 2.89
Cy-Ha 2.68-3.43 © ©
Cy-Hp 2.15 A © ©
Cy-Hy 1.08 © © ©
Cy-HN 2.67-3.64 A O
C=0-Hu 2.15 © ©
C=0-Hp 2.62-2.72 © ©
C=0-Hy 2.394.15 © ©
C=0-HN 1.98 © ©
PG-PLV Co—Ha 3.09-3.30 © ©
Co—Hp 4.03-6.04
Co—Hy 3.32-6.65
Co—HN 3.93-4.23 © ©
C=0-Hu 3.80-4.00 O O
C=0-Hp 4.34-6.70
C=0-Hy 3.27-7.10
C=0O-HN 3.17 O
PLV-PG Co—Ha 3.17-3.34
Ca—HN 4.00-4.23
CB-Ha 3.90-6.54
CB-HN 4.12-5.04
Cy—Ha 3.56-6.32 ©
Cy-HN 3.21-6.20
C=0-Hu 3.72-4.01 A A
C=0-HN 3.17 A A

~215A  ~423A  ~632A

© =strong peak intensity; O = moderate peak intensity; A =weak peak intensity.
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The relationship between intra- and intermolecular correlation signals from
the 2D FSLG '*C—"H HETCOR spectra and carbon—proton distances from
the modeled structure is shown in Table 15.

The CP experiments on polymer blend systems, using a mixture of two
polymers in which one is deuterated and another is protonated, have been
carried out in order to elucidate their miscibility. This information is given
by whether protons in the protonated polymer are cross-polarized to deute-
rons of the other deuterated polymer or not.*®'**"'¢ These studies show
that effective '"H-'>C CP transfer may be limited to about 10 A. In the
present FSLG '*C-'H HETCOR experiments, spin diffusion in protons can
be avoided to a certain extent. From the above experimental results, it is
found that PG with the B-sheet form and PLV with the B-sheet form are
blended with each other on the scale below 10 A.

The miscibility scale of PG/PLV (50/50) has been shown to be about 3 nm
by the 'H T, o experiments.’>’* These values are consistent with each other
because the value of 2-3 nm is the upper-limit of the domain size.”* Thus, it
can be said that the 2D FSLG '*C—"H HETCOR experiments do not conflict
with the '"H T} » experiments reported previously. These results show that the
PG and PLV chains in the blend are sufficiently close to each other to make
intermolecular hydrogen bonds.

6. CONCLUSIONS

From these results, it can be said that the helix and B-sheet forms of PLA,
PG or PDA in the blend samples are incorporated into the PLIL or PLV in
the B-sheet form and then takes the B-sheet form by forming hydrogen
bonds with the B-sheet form of PLIL or PLV. This means that polypeptide
chains, by changing from the helix form to the B-sheet form are hydrogen-
bonded with B-sheet type polypeptide chains which are energetically more
stable than the helix form of the polypeptide chains hydrogen-bonded by
themselves.

Finally, it is concluded that solid state high resolution NMR spectroscopy
(>C CP/MAS, 'H T,, and 2D FSLG "C-'H HETCOR) is a very useful
methodology for elucidating the conformational stability and miscibility of
polypeptide blends.
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techniques. Technical improvements under discussion include in particular the
introduction of pulsed field gradient-assisted experiments and of two- and
three-dimensional pulse schemes for indirect observation of X|Y correlations
through 'H. Current uses of these methods concentrate on the indirect
observation of low-y nuclei with low receptivity, and on the structure
elucidation of molecular and polymeric organometallic substrates of
increasing degrees of complexity. The examples presented illustrate in
particular the application of X|Y correlation spectroscopy in transition metal
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modern branches of chemistry such as catalysis studies and organometallic
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1. INTRODUCTION

Multi-dimensional NMR spectroscopy' has in the last few decades developed
into an extremely versatile and powerful analytic tool for the constitution
of molecular materials of all kinds. The strongpoint — in particular the
potential to unravel crowded spectral regions by dispersing NMR signals in
more than one-dimension and, furthermore, to map the mutual interactions in
a network of coupled nuclei which simplifies the assignment of chemical bond
patterns — makes these methods particularly useful for the analysis of large
molecules. Consequently, the application of multidimensional NMR to the
characterisation of biopolymers has contributed considerably to the recent
development of structural biochemistry and biology and, vice versa, the
continuing interest in these fields has also promoted the methodological and
instrumental development of NMR spectroscopy.

Apart from all of this, multi-dimensional NMR finds considerable and still
growing applications in more traditional areas of chemistry. Even if most
organometallic and coordination compounds are smaller in size and exhibit
simpler spectra than biopolymers, they are composed of a large pool of
building blocks whose spectroscopic characteristics are less well known or
unknown at all, and the bond connectivity patterns are much more diverse and
intricate. Consequently, NMR spectra of organometallic and coordination
compounds are less predictable, and multi-dimensional techniques are in many
cases indispensable as analytical tools when structural assignments derived
from the analysis of one-dimensional NMR spectra remain ambiguous or even
incomplete.

In principle, multidimensional NMR experiments can be grouped according
to the type of coupling interaction that is responsible for the correlation
between nuclear spins, and according to the types of nuclei involved. In liquids,
correlations arise generally from dipolar interactions such as NOE, or from
J-couplings that are transmitted via the electrons in chemical bonds. The
discrimination between homonuclear and heteronuclear experiments involving
only one or several nuclides, respectively, is — apart from technical aspects — of
importance as heteronuclear correlations offer the further asset of measuring
NMR parameters of nuclei with low gyromagnetic ratio §/y at enhanced
sensitivity. For experiments involving coherence transfer via J-couplings,
the signal-to-noise ratio (S/N) is, with neglect of relaxation effects, expressed
by the well known relation” S/N & Yexe X ydef/ 2 where Yexe and Yq4e denote the
gyromagnetic ratios of the excited and detected nucleus, respectively. Thus,
for an XY spin system with yx >vyy, an INEPT or DEPT experiment with
initial excitation of X and detection of Y after a single coherence transfer
yields an increase of S/N by a factor yx/yy with respect to a standard one
pulse experiment on the Y-nucleus. The largest amplification is achievable in
multi-dimensional ‘inverse’ or ‘indirect” NMR spectroscopy where the nucleus
Y is characterised indirectly through its satellites in the X-spectrum. These
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experiments start and finish with X-magnetisation and involve two coher-
ence transfer steps, from X to Y and back to X, to give an overall gain in S/N
of (yx/ “/Y)S/z-

The use of 'H as source and receptor nucleus X in inverse experiments is
particularly advantageous because of obvious reasons: protons are available
in many organic and biological as well inorganic and organometallic samples,
yield the highest signal enhancement as their gyromagnetic ratio is larger than
that of all other nuclei except *H, and allow fast pulse repetition rates due to
their short 7 relaxation times. Proton detected inverse spectroscopy has now
routinely been implemented for almost any spin-half nucleus.' > Correlations
with quadrupolar nuclei are in principle also feasible, but may suffer sub-
stantial reductions in the amplitudes of correlation signals induced by rapid
transversal relaxation of the quadrupolar nucleus.’

Correlations involving two different heteronuclei X,Y> *!''appear on one
hand inferior to "H-detected inverse spectroscopy as, owing to a smaller
gyromagnetic ratio of yx as compared to yiy, the expected gains in S/N are
smaller. On the other hand, however, these experiments are appealing as
they allow one to detect directly the pattern of metal-ligand bonding
interactions in metal complexes, or the connectivity between chemically
significant heteroatoms in the molecular skeleton of organoelement com-
pounds, and may thus yield more detailed structural information which finally
justifies the higher initial effort. Furthermore, X/Y correlated spectroscopy
allows for the characterisation of inorganic compounds which lack through-
bond communication between protons and heteronuclei in cases where protons
are absent, "Jx g couplings vanish, or the coherence transfer via small long-
range couplings becomes ineffective due to relaxation induced magnetisation
losses. The latter situation occurs frequently in transition metal complexes or
in main group compounds where chemically reactive heteronuclei in the centre
of the molecule need to be protected by bulky substituents and are thus
separated by long bond paths from protons on the surface of the molecule.

Even though the widespread use of X/Y correlated spectroscopy was long
restricted by the limited availability of spectrometers which were capable of
carrying out experiments with irradiation of two different heteronuclei, the
potential of these methods was recognised even in the era of cw-spectroscopy
when, in the beginning of the 1970s, Mc Farlane and co-workers used
PF{P) and F{'"**W}-INDOR schemes for indirect recording of *'P and
"83W chemical shifts of the reaction products of tungsten hexafluoride with
trimethyl phosphite.'” The methodology changed with the introduction of
FT-spectrometers, with INDOR having been largely superseded by inverse
detected two-dimensional spectroscopy, but the application of X/Y correla-
tions continued to receive attention by a small, but steadily increasing group of
researchers until today. During recent years, the introduction of multi-
dimensional triple-resonance pulse schemes as key experiments for the struc-
ture determinations of proteins and nucleotides' has made appropriately
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equipped spectrometers more readily available, and opens the way for a more
widespread and routine utilisation of triple-resonance experiments in research
in inorganic and organometallic chemistry.

Considering that the literature on the development of experimental methods
and important fields of application of X/Y correlations in inorganic,
organoelement and organometallic chemistry up to 1997 has been covered in
earlier reviews,'' we will focus here on recent improvements of experimental
techniques and novel applications for compound characterisation. Despite the
recently increasing interest in the application of X/Y correlation spectroscopy
in solids,'*'? this review will cover only solution NMR techniques. Likewise, a
survey of specialised triple-resonance NMR experiments devoted to the charac-
terisation of bio-molecules, and their application, is considered beyond the
scope of this article.

2. METHODS

In contrast to applications in structural biology where X/Y correlations are
nowadays normally executed as 'H detected, three-dimensional experiments
because of sensitivity reasons,'* many studies on inorganic or organometallic
compounds are still performed as two-dimensional experiments with direct
detection of one heteronucleus and under 'H-decoupling. As compared to
these two categories, one-dimensional polarisation transfer methods such as
(semi) selective X/Y-INEPT or INDOR-type techniques, which had in the past
been shown to be particularly useful for the characterisation of substrates with
only one or two heteronuclei,'' have recently received less attention.'> NOE-
based correlations, which are frequently employed for the structure elucidation
of bio-molecules, remain rare, and apart from an earlier report of a '*C/°Li
HOESY experiment,'® have not been further investigated.

Consequently, the remainder of this section will be used to outline further
developments and refinements of pulse schemes for two- and three-dimensional
X/Y and "H/X/Y correlations via scalar couplings. Special hardware consid-
erations for triple-resonance experiments and practical aspects such as pulse
calibration and relaxation measurements have been discussed in some detail in
an earlier review'' and will not be repeated. Referencing of the chemical shifts
of the X and Y nuclei in heteronuclear correlations should be carried out
according to the convention recently recommended by IUPAC.!” Following
this protocol, the chemical shift §(X) of a heteronucleus X is now referenced by
means of a standard reference frequency Z(X) with respect to the 'H signal of
TMS according to equation (1), with values of E(X) being available for almost
all NMR active isotopes of s-, p-, and d-block elements.'”

8(X)(ppm) = 10° X (Vobs/vrms) x 100/ E(X)—1 (1)
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For the description of correlation experiments throughout this review, the
following conventions will be used: The detected nucleus in a two- or three-
dimensional experiment is written first and is followed by the other nuclei
involved in any of the coherence transfer steps of an n-dimensional experiment
separated by slashes. Notation in parentheses ( ) denotes an intermediate
nucleus in a relayed correlation experiment; this nucleus is actively involved
in the coherence transfer sequence but its chemical shift is not sampled in
a separate time domain. Notation in { } denotes additional nuclei that are
not involved in the coherence transfer but decoupled during acquisition
(usually "H).

2.1. Two-dimensional correlation experiments with detection of
a heteronucleus

Even though the choice of the observed nucleus in a two-dimensional X/Y
correlation experiment is less obvious than in the case of 'H/X experiments,'’
there seems to be an ongoing trend to the utilisation of ‘inverse’ pulse schemes
that operate with initial excitation and detection of the nucleus of higher
gyromagnetic ratio. Nonetheless, conventional HETCOR experiments involv-
ing a single polarisation transfer from the nucleus with higher to the one with
lower gyromagnetic ratio, and detection of the latter, keep being in use,'® and
in a special case even a ‘reverse’ *C/!"’Sn HMQC experiment operating with
excitation and detection of the low-y nucleus, '*C, was reported."”

In general, inverse two-dimensional X/Y correlations involving two spin-1/2
nuclei — which have attracted by far the greatest deal of attention — are carried
out by adapting the standard pulse sequences based on single quantum
(HSQC) or multiple quantum coherence transfer (HMQC, HMBC) that are
commonly employed in "H/X correlation spectroscopy for X/Y coherence
transfer and additional '"H decoupling. A detailed analysis of these basic
sequences is found elsewhere,! and their adaptation to the use in X/Y
correlation spectroscopy has been discussed earlier'' and need not be repeated.
Recent methodological developments of X/Y correlation experiments were
mainly directed towards three goals, viz. the incorporation of pulsed field
gradients” for the selection of desired coherence pathways, the optimisation of
coherence transfer amplitudes in the presence of a wide range of coupling
constants, and the optimisation of experiments for the indirect detection of
groups of several Y-nuclei, e.g., in XY, spin systems.

Reports on the application of pulsed field gradient (PFG) assisted pulse
schemes for two-dimensional X/Y correlation spectroscopy focused mainly
on the adaptation of HSQC sequences which seemed to perform better than
HMQC experiments under these conditions.”’ Although the generalisation
of standard pulse sequences for 'H/'*C correlation spectroscopy should
in principle be straightforward, large spectral ranges and short relaxation
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Fig. 1. Pulse sequence for the X/Y{'H} PFG-HSQC experiment as employed for
9F/13C correlation spectroscopy in Ref. 21. 90° and 180° hard pulses are denoted by
solid and open bars, respectively; groups of two solid and one open bars denote
90° 4 — 180° 490 — 90° 4, pulse sandwiches that serve as composite 180° pulses. A, are
delays of length 1/(2 Jxy), and 7 is a short delay of the same length as the gradient
pulse (typically ~ 1 ms). Phase cycles are as in the standard HSQC experiment, and the
ratio of gradient pulse strengths is set to G2/G1 = yy/yx. Decoupling is employed using
WALTZ-16 (‘H) and GARP (Y) pulse trains.

times of many heteronuclei may require special modifications. An example
is the adaptation of the PFG-HSQC experiment®> for '’F/'*C correlation by
Assemat and Rinaldi®' to give the pulse scheme shown in Fig. 1 (X=""F,
Y ='3C). The original sequence was modified to introduce composite pulses
in the X-transmitter channel to reduce offset effects, and decoupling of 'H
was accomplished by a gated decoupling scheme involving the application of
a WALTZ composite pulse decoupling during acquisition and additional
n('H)-refocusing pulses to remove Jey couplings during the mixing and
evolution periods. The coherence selection is accomplished by the pair of
pulsed field gradients G; (which is inserted into a 7—n(Y)-t spin-echo building
block in order to avoid the need for large first order phase corrections of the
resulting 2D-spectrum) and Go,.

To understand the principle of the coherence selection by the pulsed field
gradients, one must consider that the effect of a z-gradient on a coherence is
represented in the frame of the product operator formalism®® as a phase shift
¢ =G->_ pivi on a spin operator where G denotes the gradient strength
(which may be expressed as a product of the gradient amplitude, gradient
duration, and a shape factor), and p; and v; the coherence order and
gyromagnetic ratio of the nuclear spin i involved in the coherence.”® The
selection of a certain coherence pathway is based on the effect that a proper
combination of gradients refocuses signals from desired pathways to give an
overall phase shift of zero, while all undesired signals acquire finite phase
shifts and thus remain spoiled. Considering that the gradients G, and G, are
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Fig. 2. Pulse scheme for the gradient-selected, sensitivity-enhanced X/Y se-HSQC
experiment as employed for *'P/!°N correlation spectroscopy in Ref. 25. 90° and 180°
hard pulses are denoted by solid and open bars, respectively. A, are delays of length 1/(4
Jx.v), and 7 is a short delay of the same length as the gradient pulse (typically ~ 1 ms).
Pulse phases are x, unless specified. The ratio of gradient pulse strengths is set to
G,/G| =7vv/yx, and quadrature detection in F; is achieved by recording every transient
twice and changing the sign of G, in the second scan.

applied when the coherences Y™X, and Y, X~ are active (for the discussion
of coherence pathway selection it is convenient to replace the Cartesian oper-
ators I, and I, by the raising and lowering operators I'"=I+il, and
I :IX—in20’23), the final gradient induced phase shift ¢ vanishes only if
¢ =vx G1 —7y G2=0, i.e., when Go=vy/yx-G;.”

A further variation of an X/Y-HSQC experiment which combines the use of
PFGs for coherence selection with sensitivity enhanced (se) HSQC polarisation
transfer®* was designed by Carbajo ez al.>® for the indirect observation of °N
NMR spectra of phosphazenes through *'P and is illustrated in Fig. 2 (X =>'P,
Y ='°N). The sequence differs from the HSQC-type experiment of Fig. 1 by
the continuous application of cpd-decoupling instead of a gated decoupling
scheme, and by the extension of the INEPT-back-transfer from Y- to X-
spins by a second set of mixing and refocusing pulses. The pulse scheme yields
in-phase X-magnetisation which is recorded without Y-decoupling during 7,
to be able to determine the magnitude of Jx y. The coherence selection by the
pair of matched pulsed field gradients G| and G,, where G, =vvy/yx - G1 (both
of which are in this case embedded in a spin-echo building block) operates as
discussed previously. Quadrature detection in the F1 dimension is achieved
by the echo/anti-echo scheme by recording each ¢;-increment twice and
changing the sign of the second gradient in the second cycle. The same pulse
sequence can be turned into a one-dimensional sequence for the measurement
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of isotope-edited X-spectra by using a fixed evolution time #; tuned to the
magnitude of JX,Y-25

The principle of the sensitivity improvement in the INEPT back-transfer
sequence has been explained by means of a product operator analysis.”® The
initial excitation of X-nuclei and the first INEPT transfer to Y generate, asin a
normal HSQC experiment, heteronuclear antiphase magnetisation which is
represented by an operator —2X,Y (point A, Fig. 2). This term evolves then
solely under the influence of the chemical shift of Y to yield at the end of 71 a
state 2X,Y, - cos(wy t;) —2X,Yy sin(wy f;) which represents the sum of two
orthogonal components of heteronuclear antiphase magnetisation (point B,
Fig. 2). For a two-spin system consisting of a pair of X- and Y-nuclei, the
reverse INEPT sequence transforms this state to yield Xy -cos(wy.1;) —2X Yy
sin(wy t1). At this point (C, Fig. 2) where the signal acquisition in a
normal HSQC experiment begins, only the first term contributes to the
observable signal while the second one represents multiple-quantum
coherences that are unobservable during #,. In contrast, further evolution
during the remainder of the sensitivity improved pulse sequence gives
(at point D) — X, -cos(wy 1;)+Xy - sin(wy.#;) where now both terms describe
orthogonal components of observable in-phase X-spin magnetisation.
Combination of both contributions into a single pure-phase correlation
signal by appropriate phase handling results under neglect of imperfection
and relaxation effects in a theoretical enhancement of the S/N-ratio by a factor
of (2)"%. Further analysis shows, however, that the extended pulse sequence
does not provide increased sensitivity for X, Y spin systems with more than
one X-nucleus since here, as in standard HSQC, only one-half of the initial
I-spin polarisation remains observable under all conditions.*®

Comparison of the results of the one-dimensional gradient supported
31P/ISN{'H}-se-HSQC experiment with phase-cycled HSQC and HMQC
experiments gave relative S/N-ratios of 0.75:0.92:1 which was, under consid-
eration of the suppression of one of the two possible coherence transfer
pathways by the field gradients and the longer duration of the pulse sequence,
interpreted in terms of a very good performance.”” The main benefits of the
PFG-es-HSQC sequence were seen, however, in the excellent level of artefact
suppression which allowed one to observe correlations via very small couplings
even in cases where the active isotopomer is present in low natural abundance
and its lines are normally obscured by residual parent signals (Fig. 3).

An approach to observe long-range correlations between different hetero-
nuclei over a large range of magnitudes of "Jxy was suggested by Russell
et al*’ who used the principle of accordion optimisation®®*’ in a modified
IMPEACH-MBC?° pulse scheme, shown in Fig. 4, to observe "F/'°N
correlations arising from "Jgn (n=2, 3) in isomeric fluoropyridines. The
experiment differs from a standard HMBC scheme by splitting the fixed
mixing delay after the first excitation pulse in HMBC into a spin-echo sequence
d/2-180°(Y)-d/2 and a variable accordion delay, vd. The spin-echo element
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Fig. 3. Sections of two-dimensional *'P/">N{'H} correlation spectra of the azido-
substituted monophosphazene derivative shown. The 2D spectra were recorded by using
a conventional *'P/'>N HMQC pulse scheme with phase-cycling (left), and the gradient-
enhanced enhanced sensitivity HSQC pulse sequence of Fig. 2 (right). The one-
dimensional spectra on top of the 2D-maps were acquired with the 1D-versions of both
pulse sequences. The right spectrum is distinguished by a substantially lower artefact
level and displays an additional clearly visible correlation of the *'P with nitrogen atom
N?. Reproduced from Ref. 25 by permission of Elsevier Ltd.

represents a delay whose length is incremented together with #; while the
accordion delay is concurrently decremented. As components of heteronuclear
long-range magnetisation are refocused during d/2 and sampled during vd, the
defocusing delay during the whole two-dimensional experiment varies to
allow coherence transfer over a range of heteronuclear couplings extending
from Join=1/(2 Vdmax) 10 Jimax = 1/(2 vdpmin).>” >° Coherence selection and
suppression of parent signals is achieved by a combination of phase-cycling
and application of the matched pulsed field gradients G| and G, =2G; yv/vx;
the magnitude of the bipolar gradients Gy can be set to any arbitrary
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power level. Even if the pulse scheme shown was used without 'H decoupling,
composite pulse decoupling of protons is obviously accomplishable without
any problem provided that one has the availability of a dedicated probe and
filter set.

The application of this pulse sequence results in two-dimensional NMR-
spectra whose cross peaks show an apparent doublet splitting centred about
the chemical shift of the Y-nucleus along F; (Fig. 5) which arises from an
amplitude modulation of the multiple quantum transfer efficiency. The mag-
nitude of this apparent ‘doublet’, J,, is a function of the accordion delay,
Vdmax — Vdmin, the maximum acquisition time, fimay, and the actual hete-
ronuclear coupling constant, Jx y, according to Jops=Jx.y (Vdmax — Vdmin)/
1max.” Accordingly, the splitting becomes perceptible only when large Jx.y
couplings are sampled, and its size is scaled if the maximum evolution time
fimax Used in digitising the F| frequency domain is increased, or the accordion
range is decreased close to a sufficiently narrow window around the actual
coupling constant. For most applications the overlap of components of
different of these doublets in F1 was considered as not problematic.?’

Indirect detection of the spin-1/2 Y-nuclei of XY, (or X,,Y,) spin systems
is of importance for studying the structures of multinuclear metal complexes
and clusters which contain an insensitive (i.e., low-y) metal nucleus in high
natural abundance, or of organometallic aggregates with isotope enriched
metal or ligand atoms. Typical examples are represented by metal complexes
containing e.g., ¥Y (100%), '©7'%Ag (51.8/48.2%), '®*Rh (100%), or '*°Pt
(33.8 %), and by organometallic aggregates containing isotope labelled
(e.g., >98% °Li, >N, '3C) metal or ligand atoms. Standard indirect detection
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Fig. 5. ""F/'">’N IMPEACH MBC spectrum of a mixture of 2- and 3-fluoropyridine. The
accordion optimisation range was varied from 4 to 50 Hz; the F, frequency domain was
digitised using 64 increments of the evolution time, t;. The F; ‘doublet’ splitting for the
2-fluoropyridine correlation of J,ps = 728 Hz (see text) is clearly visible while the smaller
one for the 3-fluoropyridine correlation is no longer resolved. Reproduced from Ref. 27
by permission of J. Wiley & Sons.

schemes such as HSQC and HMQC were predominantly designed and
optimised for the indirect detection of rare spins such as '*C or '’N whose
low natural abundance ensures that only single quantum transitions of the
Y-spin are important. In metal clusters and labelled compounds, however, the
detected nucleus may couple with several Y-spins at the same time, and
multiple quantum transitions of the whole assembly of Y-spins must now be
considered. Although the consequences of this effect are in principle
understood?' and the use of the HMQC experiment for the indirect detection
of XY, spin systems with several spin-1/2*' and spin-1 nuclei’* has been
demonstrated, its application is not straightforward but requires special
consideration.

Two recent studies focused on a more general analysis of the problem of
indirect detection of XY, spin systems (Y = spin-1/2 nucleus) using the product
operator formalism, and on the appropriate optimisation of HMQC and
HSQC pulse schemes to perform this task. In their analysis of the effect of a
BC/'3Rh-HMQC pulse sequence on the signals of face bridging carbonyls in a
rhodium cluster with couplings to three rhodium atoms Heaton et al.** showed
that the excitation of multiple quantum coherences yields a state whose spin
operator is composed of a sum of four terms referred to as zero- one-, two- and
three-rhodium spin coherences, respectively. While magnetisation arising from
the zero- and two-rhodium spin coherences is suppressed by the standard
HMQC phase cycle, the remaining components survive and give rise to
observable cross peaks. Of these, however, only the contribution from the
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single-rhodium quantum transitions leads to a ‘correct’ correlation at the true
rhodium chemical shift while the triple-rhodium quantum peaks occur at
positions that are linear combinations of the chemical shifts of all three metal
nuclei involved. Importantly, the magnitude of the ‘correct’ cross peak reaches
a maximum at a defocusing delay of ~1/(5 Jrnc) and equals zero at the
conventional defocusing delay of 1/(2 Jrnc) when the three-rhodium spin
coherences are at their peak. Accordingly, a HMQC spectrum recorded with a
‘conventional’ mixing delay of 1/(2 Jgrn,c) 1S dominated by the unexpected
three-rhodium spin coherences (Fig. 6a), while the expected cross peaks are
observable (albeit with an intensity that is nearly a factor of 10 weaker as
compared to a XY two-spin system) when the shorter ‘unconventional’ mixing
delay of 1/(5 Jrn.c) is used (Fig. 6b).*

The results of Heaton er al. were recently confirmed by Xiang et al.** who
were further able to show that the intensity of the desired single-Y quantum
peak in an X/Y-HMQC experiment on a general XY, spin system composed of
spin-1/2 nuclei is highest at a mixing time of d°P'=1/(r Jx_y) arccot(n — 1)"/?
and that the relative strength of this signal vs. the unwanted triple-Y quantum
peak can be described (for n > 3) by the ratio 'Y,/’Y,=4 tan ~*(n Jxy d)
which reduces to 'Y,/*Y,=4 (n—1)> when d =d°"". The listing of the values
for the optimum delay d°P', the relative intensity of the single-Y quantum
correlation signal, and the ratio 'Y,/*Y,, for XY ,-spin systems containing one—
five Y-nuclei in Table I confirms that at the optimum condition the unwanted
signal is in all cases satisfactorily reduced, but this correlation may become
dominant if d is increased significantly above d°P'. The above considerations
are as well valid for X, Y, spin systems if X is a spin-1/2 or -1 nucleus and
the homonuclear coupling between X-nuclei can be ignored, and the same
optimum value for the mixing time as in an HMQC experiment applies as
well for HSQC experiments.** Furthermore, it should be noted that Nanz
and von Philipsborn had previously likewise suggested a value of 1/(4 Jx.y)
instead of 1/(2 Jx y) as the optimum mixing time in HMQC-type experiments
for the inverse detection of pairs of spin-1/2 nuclei in X,,Y> spin systems,>' and
of single spin-1 nuclei in X,,,Y spin systems,*” respectively.

2.2. Proton-detected correlation experiments

The task of generating a display of heteronuclear X/Y-connectivities with
optimum sensitivity can in principle be performed by recording a three-
dimensional proton detected shift correlation in which the chemical shifts of
both heteronuclei X and Y are each sampled in a separate indirect dimension.
Three-dimensional fourier transformation of the data then generates a cube
which is defined by three orthogonal axes representing the chemical shifts of
the three nuclei 'H, X, Y, and the desired two-dimensional X/Y-correlation
is readily obtained as a two-dimensional projection parallel to the axis
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Fig. 6. Expansion of the inverse detected '*C/'®Rh HMQC NMR spectra of
[Rhg(CO);5(P{4-F-CsHy4}3)] and one-dimensional projections showing the region of
the bridging carbonyls. The spectra were obtained with defocusing delays of 17.9 ms
(~1/2 JRh‘Cg, a)and 7.14 ms (&~ 1/(5 Jrn.c), b), respectively. The expected correlations
at the ‘true’ > Rh chemical shifts are clearly visible in the bottom spectrum, but are very
weak or entirely absent in the top spectrum which displays correlations due to three-
rhodium spin coherences as the dominant signals. Reproduced from Ref. 33 by
permission of The Royal Chemical Society.
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Table 1. Optimum mixing times t, for HMQC-type experiments, and
absolute intensities 'Y, and relative intensities ' Y,,/* Y, of single- and triple-Y
quantum peaks at the mixing time 7,,, for XY, spin systems; data from Ref. 34

n
1 2 3 4 5
Tm 1/2JX,Y 1/4JX,Y 1/51JXY 1/6JX,Y 1/6.8JX’Y
'y, 1 0.25 0.148 0.106 0.082
'Y, Y, 16 36 64

representing the chemical shift of the detected nucleus, 'H (Fig. 7a). Even
if this approach to indirect detection of a heteronuclear X/Y-correlation is
straightforward, sampling of the complete data cube requires normally a
considerable amount of measurement time, and digitising one (or even both)
indirect dimensions with high spectral resolution may easily become
prohibitive. Regarding, however, that many organometallic or coordination
compounds contain only one or two transition metal or heteroatoms of one
kind, say Y, the whole information of the three-dimensional data matrix is
contained in one or two 2D-slices, and the acquisition time can be greatly
reduced if only these relevant cross-sections rather than the whole cube are
sampled. One approach to achieve this relies on a back transformation of the
three-dimensional experiment by replacing a hard excitation pulse on Y by
a frequency-selective ‘soft’ pulse that excites only a single Y-resonance, and
then recording a small set of two-dimensional spectra with fixed mixing times
rather than an array of spectra with incremented evolution times.>> Using this
approach, only a few selected H/X-slices of the whole 3D-cube are recorded
whose projections on the X/Y-plane contain one-dimensional cross sections
of the total X/Y-correlation map that include all connectivities of the X-nuclei
to one given Y-nucleus (Fig. 7b). In practice, both approaches have been used
for the measurement of indirectly detected X/Y-correlation spectra, and will
be discussed in the following two sections.

2.2.1. Three-dimensional ' H|X|Y-correlations

Three-dimensional '"H-detected correlation experiments' have so far mainly
been applied to the structural characterisation of biological or synthetic
polymers whose one-dimensional spectra contain a large number of over-
lapping signals of closely similar building blocks that can only be successfully
resolved by spectral dispersion in three dimensions. Particular applications
devoted to the structure elucidation of heteroatom-doped polymers were
elaborated in the first place by the group of Rinaldi.*** Although these
experiments were initially designed to characterise structural elements in the
backbones of polymers that are composed of a linear carbon chain with
some terminal or intermittent phosphorus, tin, or silicon atoms (Fig. 8), they
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Fig. 8. Schematic representation of heteroatom-containing structural elements in
polymers that are disposed for characterisation by "H/X/Y triple resonance experiments
where X ="3C and Y ="°F, *'P, #°Si, '"”Sn, with possible coherence transfer pathways
being indicated by single and double headed arrows.>®* Selective observation of
the correlations of the building blocks in (a)—(c) requires experiments involving ‘out-
and-back’ coherence transfer via 1JC,H/IJC,X (a), 1JQH/ZJC,X (b), or 1JC,H/3JC,X (c),
whereas the simultaneous observation of all correlation signals originating from a
chain of an isotope labelled sample (d) is feasible by means of a HC*(Y)-CC-TOCSY
sequence.”

are in principle much more generally applicable in the field of organometallic
and coordination chemistry and will thus be discussed here.

The experimental schemes described in detail in this section date back to
a pulse sequence first introduced by Marino e al.*” for the characterisation of
oligonucleotides which uses an ‘out-and-back’ coherence transfer involving
two sequences of double INEPT steps to correlate the chemical shifts of a
mutually coupled 'H/X/Y spin-triple. This approach appears recently to be
preferred to pulse sequences based on HNCA-type experiments*'that use a
combination of HSQC and HMQC polarisation transfer steps. Two basic
implementations of the single-quantum experiment (which has been dubbed
HCAP if applied to correlations between the H* C* and P atoms in
substructures as shown in Fig. 8a with X=7>'P*) this uses pulsed field
gradients for coherence selection are illustrated in Fig. 9.°*** Both experiments
share the same coherence transfer pathway with the earlier phase-cycled
version,*’ involving "H/X/Y coherence transfer via two consecutive INEPT
steps, evolution of §Y during ¢, INEPT back-transfer to X and evolution of §X
during 1,, and finally a further INEPT back-transfer and detection of
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Fig. 9. Pulse sequences for three-dimensional 'H/X/Y correlation experiment
using consecutive HSQC transfer steps and pulsed field gradients for coherence
selection of "H/X spin pairs (a)*® or 'H/Y spin pairs (b),** respectively. The notation
of 90° and 180° pulses is as before. Delays A; and A, are of length 1/(4 Jyx) and
1/(4 Jx.y), respectively. The relative strengths of the coherence selection gradients
G; and G; are determined by G,/G,=vyyu/yx in a) and G,/G; =yg/yy in b),
respectively, the spoil gradient in b) may be set to arbitrary strength. Basic phase
cycling is as follows: ¢ 1= ¢r=Yy; ¢3=X,—X; ¢4=Y, Y, =Y, —¥; Prec=X, —X, —X,
X; ¢3 and ¢4 are incremented during #; and 7, according to the States method. 3%
1H/ 13C/?Si correlation spectra with pulse sequence b) have been acquired by using an
extended phase cycle with ¢»=X)a, (¥)s, (—X)a, (—y)a. ¥

'"H magnetisation during acquisition. The implementation shown employs
decoupling of both X and Y nuclei during acquisition which can be
accomplished by means of a GARP sequence, but other variants using
adiabatic decoupling schemes or single-channel decoupling of X only have also
been presented.
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The most significant difference between the two experimental variants
includes the positioning of the PFGs which are in the first case (Fig. 9a) set
to select signals precessing at the X resonance frequency during G; and at the
"H resonance frequency during G,, and in the second case (Fig. 9b) to
select signals which precess at the Y resonance frequency during G; and at the
"H-resonance frequency during G, respectively. It is easily seen that
the gradient filter in the first sequence passes all components arising from
'"H/X spin-pairs, regardless of whether the spins are further coupled to a
Y-nucleus or not, and that selection of "H/X/Y spin-triples requires additional
support from phase cycling. In contrast, as the coherence selection between the
Y- and '"H-nuclei in the sequence of Fig. 9b picks up only those coherence
components which have previously passed the relayed "H/X/Y coherence
transfer, the selection of the desired signals needs much less help from phase-
cycling, and this implementation gives in practice much better suppression of
undesired signals.” Consequently, the pulse sequence of Fig. 9a, which has
become somewhat out of use recently, should be tolerable in cases where Y is
an abundant nucleus (e.g., in 'H/"*C/*'P correlations) and the requirements for
the suppression of the signals of "H/X spin-pairs with respect to 'H/X/Y spin-
triples are less stringent, while the sequence of Fig. 9b is certainly much more
suitable for applications such as 'H/'C/?Si correlations where both
heteronuclei are rare.

Recent modifications of the sequence of Fig. 9b include several constant time
(CT) variants one of which is depicted in Fig. 10a, and the implementation of
TOCSY-elements (Fig. 10b) to accomplish scrambling of the magnetisation
between several X-nuclei and be able to detect selectively e.g., the signals
originating from a chain of several CH, groups in the vicinity of a
heteronuclear spin label (Fig. 8b).***° The version of the single-quantum
CT-'H/X/Y experiment®® (dubbed CT-HCAP if designed for the detection
of triples of adjacent H-C—P nuclei) is characterised by the use of a constant
time evolution period CT to encode X chemical shifts resembles very much
the original experiment of Marino er al.** The constant time evolution
during CT=1/(2 Jxx) is required to eliminate the effects of homonuclear
Jx x couplings during 2 which may lead to undesired additional modulation
of correlation signals if samples with several magnetically active X-nuclei
such as uniformly '’C-labelled materials are studied (the same argument
applies if phosphorus-containing materials with several mutually coupled
phosphorus atoms are studied and the X-channel is tuned to *'P). The
pulse sequence shown contains four PFGs two of which (G, and Gy) are used
for coherence selection between 'H- and Y-nuclei and must be calibrated to a
relative level of G1/G,=17yvy/yn; furthermore, the sign of G, is reversed every
other scan for n/p-type peak selection. The remaining two gradients G; and G3
serve as spoil gradients to eliminate undesired transversal magnetisation and
further reduce the artefact level in the resulting spectrum; in principle, these
gradients may be set to arbitrary levels or even be omitted.
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Fig. 10. Variants *** of pulse schemes for three-dimensional "H/X/Y correlation
experiment with consecutive HSQC transfer steps using (a) constant time evolution
during 7, and (b) an additional X,X-TOCSY transfer to spread magnetisation over a
system of mutually coupled X-spins. The notation of 90° and 180° pulses is as before.
Delays Ay and A, are of length 1/(4 Ji x) and 1/(4 Jx y), respectively, 25§ <1/(2 Jx. n),
and the constant time delay is set to ct=1/(2 Jx x) in systems with several coupled X-
spins. The relative strengths of the coherence selection gradients G; and G, are
determined by G,/G|=vn/yy; the remaining gradients were used to purge undesired
magnetisation and may be set to arbitrary length. Both sequences were employed with
the same basic phase cycle as in Fig. 9, and phase sensitive data sets were acquired by
incrementing ¢ 4 according to the States method during ¢, and sw1tch1ng the sign of G,
in order to achieve echo/anti-echo coherence selection during ¢;.>° An extended phase-
cycling scheme for the H(CA)P-CC-TOCSY sequence of (b) involved the following
phase shifts: ¢1:)’a —-Y; ¢2:X7 —X; ¢3:X’ X, =X, —X; ¢4:(X)4a (—X)4; ¢5:(X)4,
M4 (=X, (—=Y)a3 P6=%X; 7= ¢Prec=(X)4, (—X)4; phase sensitive data sets were
acquired by incrementing ¢4 according to the States method during 7, and switching
the sign of G; in order to achieve echo/anti-echo coherence selection during #;."
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In contrast to the previous three-dimensional pulse sequences which employ
an ‘out-and-back’ coherence transfer scheme where the same proton is initially
excited and detected, the variant shown in Fig. 10b uses a TOCSY-sequence
to spread coherences over a spin-system of mutually coupled X-nuclei and
finally picks up the observable magnetisation, after a last back-transfer, from
different proton signals as were initially excited.*®*’ The initial part of this
H(Xa)Y-XX-TOCSY sequence (which was originally implemented for X = '°C
and Y =3"P*®%%) uses, as before, two consecutive INEPT steps to generate
heteronuclear double antiphase magnetisation described by an operator
"H,X,Y,. As the magnetisation will finally not be transferred back to the
proton from where it originated, the evolution of heteronuclear Jx p
coupling during the sequence cannot simply be refocused by the application
of m(*"H) pulses in the middle of the evolution periods ¢; and #,, but is
eliminated by the application of 'H decoupling after a refocusing delay 28
after the first INEPT transfer to X. The 'H,X,Y, double antiphase
magnetisation is allowed to evolve during ¢1, phase encoded by a pulsed
field gradient, and shifted back by a further INEPT step to yield heteronuclear
antiphase magnetisation 1HZXy. At this point, a spin-lock pulse distributes
the magnetisation over the whole system of mutually coupled X-nuclei.
A constant evolution period (CT =1/(2 Jx x)) is used to encode the X chemical
shift during 7,, and magnetisation is finally transferred back to 'H for
detection. As before, the pair of matched gradients G2 and G4 provide
for coherence selection between the 'H- and Y-nuclei while G1 and G3
represent additional spoil gradients which serve for a further reduction of the
artefact level.

The application of the pulse sequence of Fig. 10b to a sample containing
several structural elements of the type shown in Fig. 8a—c (where Y may e.g.,
denote a heteroatom such as >'P or 2°Si, and X the *C-nuclei of the backbone
under conditions of uniform '*C-labelling) gives rise to a three-dimensional
spectrum whose H/X planes, taken at the chemical shift of an individual
Y-atom, represent a two-dimensional correlation of all X signals coupled with
the selected Y-atom. Recognising that there are circumstances when the
Y signals of different fragments in a sample are not very well resolved, Rinaldi
et al. suggested a modification of the pulse sequence which places the ¢
chemical shift evolution period to encode the X chemical shift before the
application of the spin lock, making the experiment a three-dimensional
HX*(Y)-XX-TOCSY experiment where the Y nuclei are merely used as a
relay in the coherence transfer pathway.”” Considering that the coherence
transfer efficiency in the CT-experiments of Fig. 10 depends on the match-
ing between the constant time delay and Jx x it is expected that the experi-
ments behave particularly well for samples with several mutually coupled
X-nuclei and a narrow distribution of Jx x (which for example is fulfilled
for '*C-labelled materials with the structural elements in Fig. 8d) but might
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Fig. 11. Pulse sequences for *'P-relayed 'H/(X)/Y correlation via double INEPT (a) or
INEPT/HMQC coherence transfer (b).* Filled and open bars represent 90° and 180°
pulses. Delays were set to A;=1/(4 Jxu) and A,=1/(4 Jxy), respectively, and t
was chosen as short as possible still to allow gradient recovery. Heteronuclear GARP
decoupling was applied to X or both X and Y during acquisition. Pulse and receiver
phase cycles and gradient strengths were as follows: a) ¢ 1= ¢r= 7= dg=Yy;
$3=)2 (=Y da=—y; ¢5=(X, (—X)s; ¢6=x, —x (incremented after each
scan according to the TPPI scheme); ¢,..c=%, —X, —X, X; Go=Gy-y(Y)/y(H). b)
P1=X4, —Xg P2=Yy; ¢3=X, —X; P1=(X)2, (=X Pre=%X, —X, —X, X
Gy =G - 2y(X)/v(H).

show low-intensity cross peaks or even missing correlations for samples with
a large spread of Jx x values.

2.2.2. Two-dimensional ' H|Y-correlations with relayed coherence transfer

As mentioned already, indirect detection of the Y-signals of compounds
that contain a structural fragment of the type shown in Fig. 8a but exhibit
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only a single (or a few) X-atoms may not require to sample the whole
three-dimensional data matrix, while conducting a triple-resonance experiment
may still be inevitable, e.g., if the direct Jy y coupling is zero and recording a
simple heteronuclear H/Y correlation remains thus unfeasible. A situation of
this type is frequently encountered in metal complexes or organoelement
compounds with bulky substituents where long bond paths between peripheral
protons and the metal or heteroatom of interest suppress any direct Jy y
couplings, whereas Jxpy and Jyx couplings to a common intermediate
heteroatom are still observable. Two experimental schemes for 'H-detected
two-dimensional "H/Y correlations with relayed '"H — X/X — Y coherence
transfer which were originally suggested for the analysis of phosphorus
compounds (X =P)* but should be more generally applicable, are shown
in Fig. 11.

The first sequence shown in Fig. 11a*® differs from the three-dimensional
version shown in Fig. 9b essentially by replacing the former evolution period
2 which served to sample the chemical shift of the Y nuclei by a fixed delay
tuned to 1/(2 Jxy), and further by replacing the unselective excitation and
refocusing pulses in the X-channel by low power rectangular or shaped
(Gaussian) pulses to achieve the selective irradiation of a specifically chosen
relay nucleus X. The desired magnetisation is selected by the application of a
pair of matched pulsed field gradients G; and G,, and any unwanted
magnetisation is further suppressed by an additional spoil gradient G,. Phase
sensitive quadrature detection in F) is achieved by phase-cycling according
to the States-TPPI method. The application of heteronuclear decoupling
during acquisition on one or both channels is straightforward, but the
elimination of active Jx iy and Jx y couplings in F; by the n-pulses to 'H and
X in the middle of ¢; requires some further consideration. If both the n/2- and
n-pulses on X are selective, only couplings to the excited X nucleus are
refocused while the remaining ones may lead to signal broadening or splitting
in F;. ‘Broadband decoupling’ may in principle be achieved by unselective
n-pulses, however, this requires all X chemical shifts to be in the excitation
range of the refocusing pulse and decoupling may become unfeasible if the
range of X chemical shifts is too large. In order to prevent a reduction of cross
peak intensities by pulse imperfections at large off-resonance frequencies, it
was suggested to employ selective refocusing of active Jx y couplings and
consider splitting by passive couplings as a source of additional structural
information.*> A similar implementation of a two-dimensional 'H/X/Y
correlation with relayed coherence transfer, that differs from the experiment
of Fig. 11a mainly by the use of an echo/anti-echo scheme for coherence
selection, was also recently reported by Koch ez al.**

A remaining limitation of the pulse sequence shown — the restriction of the
accessible spectral range of Y nuclei which results as a consequence of the need
to apply m-pulses to the Y-channel — is circumvented by the sequence shown
in Fig. 11b* which uses INEPT for the '"H/X and a HMQC scheme for the
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X/Y coherence transfer steps as in the original HNCA experiment.*' As in the
previous case, X nuclei are selectively irradiated by low power rectangular or
shaped pulses, and coherence selection is accomplished by the matched pulsed
field gradients G, G, and further assisted by a spoil gradient G,. Owing to
the need to avoid m-pulses in the X-channel, the spectra are processed in
magnitude mode in the F; dimension.

All 'H-detected two- and three-dimensional experiments described so far
allow in principle (i.e., neglecting relaxation”'") indirect detection of het-
eronuclei with superior sensitivity than X-detected indirect X/Y-correlations,
but fall short of determining the magnitude of Jxy. To achieve this, a
"H-detected Jx p-resolved experiment was proposed*’ (Fig. 12) which is in
essence an adaptation of the PDIJ-technique described by Nanz et al. for the
indirect determination of homonuclear Jc ¢ couplings.*> The experiment
begins likewise with an initial INEPT step to generate H,X, antiphase
magnetisation which evolves into H,X,Y, double-antiphase magnetisation
during #;. The sine-modulated term is then converted into H,X,Y, coherence
by a pair of m/2-pulses on X and Y, and finally detected after a double INEPT
back-transfer to 'H. Coherence selection was achieved by the matched
PFGs GI1 and G2 and assisted by the spoil gradient G,. Similar to the PDIJ
experiment,® the desired coherences are modulated with sin(r Jpx #;) during 1,
whereas the orthogonal component modulated by cos(m Jpx t;) does not pass
through the filters provided by the gradients and phase cycles. Consequently,
the real part of the FID in ¢, contains no signal. In order to improve the
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Fig. 13. (a) lH/(‘“P)/ISN correlation of a mixture of Mes*P(=NH)= NMes* (compd.
2, Mes* =2,4,6-tri-t-butylphenyl) and Mes*P(NHMes*)-N' = N?=N? (compd. 3) with
correlations involving the NH and aromatic protons in the P-Mes* substituents. The
spectrum was obtained with the pulse sequence shown in Fig. 1la. The #; noise
around 8'H=5.1 is due to a solvent signal (CH,Cl,) which is ~4%*10° times
more intense than that of the '’N-satellites of the NH-resonance of 3. (b) Expansion
of a "H-detected 2D-Jp n-resolved spectrum of the same mixture with correlations of
the aromatic protons in the P-Mes*-substituents as obtained with the pulse sequence
shown in Fig. 12. F| cross-sections of the 2D-spectrum at the chemical shifts of the
aromatic protons of 2 and 3 are given in (c) and (d), respectively, and reveal the presence
of one (2) and three (3) resolved Jp N couplings. Reproduced from Ref. 43 by permission
of John Wiley & Sons.
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signal-to-noise ratio, the same scheme to measure only the imaginary part of
the FID in ¢, as in the original PDIJ sequence®’ was applied.

The pulse sequence described was employed to correlate "H chemical shifts
with heteronuclear Jpy couplings, and the result appears as a J-resolved
spectrum that displays 'H chemical shifts in F» and the magnitudes of all Jpy
couplings to a specific >'P nucleus coupled to the appropriate proton — which
is again selectable by appropriate soft pulses — in F; (Fig. 13). Assignment of
couplings to specific heteronuclear coupling partners is unfeasible, but can in
principle be achieved with a doubly selective variant of the experiment
employing frequency-selective excitation to both heteronuclei.*

2.2.3. One-dimensional ' H/X|Y-correlations

The idea of back transformation of a three-dimensional NMR experiment
involving heteronuclear 'H/X/Y ‘out-and-back’ coherence transfer can in
principle be carried to the extreme by fixing the mixing time in both indirect
domains. Even if one-dimensional experiments of this kind fall short of
providing any information on heteronuclear chemical shifts, they may still
serve to obtain isotope-filtered '"H NMR spectra. A potential application of
this technique is the detection of appropriately labelled metabolites in
metabolism studies, and a one dimensional variant of the double INEPT
"H/X/Y sequence has in fact been applied to pharmacokinetics studies of
doubly 'C, "N labelled metabolites.*® Even if the pulse scheme relied
exclusively on phase-cycling for coherence selection, a suppression of matrix
signals by a factor of ~ 10* proved feasible, and it is easily conceivable that
the performance can still be improved by the application of pulsed field
gradients.

2.3. Comparison of experiments

The design of pulse sequences with inverse detection and the incorporation
of pulsed field gradients has during recent years revolutionised the
technical development of NMR spectroscopy, and 'H-detected 'H/X/Y
correlations are now widely used as the standard technique for the analysis
of intramolecular connectivities between different heteronuclei X and Y in
biochemical samples. Quite a different situation prevails, however, in the
fields of organometallic and coordination chemistry. Even though here
the indirect observation of the NMR signals of one (or more) heteronuclei
through a scalar coupled detector nucleus gains likewise increasing importance
over techniques employing X/Y polarisation transfer and direct observation
of a low-y nucleus, much work still relies on the application of X- rather
than 'H-detected methods, and phase-cycling schemes keep in use beside
PFG-based techniques for coherence selection. The reason for this
methodical variety is easily understood if one compares the diverse needs of
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such differing analytical tasks as the constitutional characterisation of
organometallic polymers on the one hand, and the measurement of the metal
NMR spectra of organometallic or inorganic coordination compounds on
the other.

Polymeric substrates are frequently composed of a number of chemically
closely similar repeat units that give rise to crowded spectra with many closely
spaced and partially overlapping signals in narrow regions. Signal disper-
sion in three or more spectral dimensions may under these conditions be
the only way to resolve individual resonances and establish coupling path-
ways which constitutes a prerequisite for the successful analysis of
the back-bone sequence or the stereochemistry of a polymer. In addition,
the application of PFG-based techniques for coherence selection is often
essential to achieve a sufficient level of suppression of unwanted signals
that permits one to detect signals of rare isotopes in natural abundance,
or provides for a secure assignment of weak but diagnostically highly
relevant signals originating from the end-groups of the polymer chain. The
need to meet both demands simultaneously is in principle resolved by
the application of 'H-detected three-dimensional 'H/X/Y correlation
techniques. Due to many inherent similarities of the tasks to characterise the
structures of organometallic polymers and bio-macromolecules, many pulse
schemes from biological experiments have thus successfully been adapted
to the NMR analysis of synthetic organometallic polymers,”®***’" and an
evaluation of the applicability of a suite of two- and three-dimensional
pulse schemes has lead to the development of a protocol which can be used
to characterise the structures of organometallic polymers and other
heteroatom-containing molecular materials in much the same way that
multiple combinations of 3D NMR experiments have been used in biological
structure elucidation.®

In contrast, many inorganic and organometallic coordination compounds
exhibit much smaller molecular structures and simpler spectra which make
time-consuming three-dimensional experiments for the indirect detection
of low-y metal nuclei obsolete. Many of the complexes studied recently
exhibit spectroscopically easily detectable '’F or *'P nuclei directly in the
metal coordination sphere, and metal NMR spectra are thus in principle
available in a straightforward manner from two-dimensional inverse
experiments operating either with detection of 'H or X (X="F, *'P). 'H-
detected heteronuclear correlations are often substantially deteriorated due to
relaxation during the long delay times that are needed to accomplish
polarisation transfer via small "Jyy long-range couplings, and due to
interference between homonuclear Jyy and heteronuclear Jx p couplings
that may render the excitation of heteronuclear multiple quantum coherences
inefficient. For example, it has been shown that the practical sensitivity
advantage of 'H- vs. *'P-detection in the indirect observation of '**W
NMR spectra of some tungsten carbene complexes was less than a factor of



HETERONUCLEAR X/Y-CORRELATION SPECTROSCOPY 85

2, as compared to the theoretical value of (yy/yp)”?=9.6.* Consequently,
X/Y correlations via large 1JXX couplings may not only be competitive or
even preferable from the point of sensitivity, but may still remain applicable
even if "Jyy long-range couplings vanish totally. Furthermore, as the
observation of metal satellites in the X-spectrum is frequently facilitated by
a large magnitude of 1JX,Y which prevents overlap of parent and satellite
lines, and by high isotopic abundance of metal nuclei, the use of PFG’s
for the suppression of parent lines and the reduction of artefacts
becomes less important and the older schemes based on coherence selection
by phase-cycling suffice.

With regard to the wealth of pulse schemes for X/Y and three- or
two-dimensional 'H/X/Y correlation experiments, some consideration
has to be given to the selection of the best suited method for a certain
application. For two-dimensional X/Y-correlations, inverse detection
schemes with observation of the nucleus with the higher gyromagnetic
ratio now appear in most cases to be preferred over HETCOR experiments
with a single X/Y-polarisation transfer step. As has been outlined previously,'’
HMQC gives superior suppression of artefacts and is generally
preferred over HSQC pulse schemes. Additional broadening of cross-
peaks in HMQC spectra due to the presence of homonuclear spin couplings
is considered of little importance for the A, X spin systems of
many metal complexes, or for '*C/Y correlations where both nuclei are
isotopically diluted. In cases where relaxation-induced decay of coherences
is critical (i.e., as in the indirect observation of rapidly relaxing quad-
rupolar nuclei or spin-1/2 nuclei that experience rapid relaxation of the second
kind mediated by coupling to a quadrupolar nucleus) the best results are
generally obtained with the shortest and simplest pulse schemes available,
and phase-cycled HMQC schemes without refocusing and decoupling
during acquisition were under these circumstances frequently found to be
the best choice.'’

A notable exception from the rule of observing the isotope with higher
Larmor frequency in a HMQC experiment was reported by Lycka er al."
who used a ‘reverse’ pulse scheme for the measurement of a '3C/''”Sn
correlation of an organotin compound. Detection of the '*C nuclei was in
this case preferred since (a) it allowed one to maintain a sufficient digital reso-
lution in the indirect domain with a lower number of f; increments, and (b)
coherence transfer via comparatively small long-range couplings was consi-
dered to suffer less from relaxation induced losses by setting up the experi-
ment for observation of the nucleus with the sharper lines (i.e., the longer
effective transversal relaxation time), and keeping the time of evolution of
transversal magnetisation on the more rapidly relaxing tin nuclei as short
as possible.

Advantages of HETCOR over HMQC type pulse sequences became
evident in cases where indirect detection of the high-y nucleus allows
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acquisition of the correlation map with sufficient resolution in a minimum
number of 7, increments,'®!? or for correlations between a spin-1/2 and a
quadrupolar nucleus.*’ In the latter case, the preference for HETCOR-type
experiments can be explained because they minimise the pulse repetition rate
by excitation of the nucleus with the shorter T, relaxation time, and detects
the nucleus with the sharper lines, thus improving the signal-to-noise ratio.

Accounts on gradient-enhanced X/Y HMQC experiments remain somewhat
inconclusive. Although gradient-enhanced HMQC pulse schemes for 'H/X
correlation are well established' and some experiments combining
X/Y-multiple quantum coherence transfer steps with PFG’s for coherence
selection have been communicated,””*® another report stated the failure of
attempts to apply PFG-HMQC methods to obtain decent '’F/'*C correlation
spectra of certain fluoro-polymers, presumably as a consequence of problems
with refocusing homonuclear Jg g couplings during 1,.>" Whereas the latter
finding owes much to the special structure of the nuclear spin-system involved,
there are as well some further, more technical aspects about PFG-HMQC
schemes that deserve consideration. Thus, a particular characteristic of the
phase-cycled HMQC experiment is its insensitivity to pulse imperfections and
off-resonance effects which is due to the absence of 180°-pulses on the
indirectly observed nucleus."'"** As many common PFG-HMQC implemen-
tations involve insertion of the gradient pulse into a 7-180°(Y)-t spin echo
sequence,’ this might thus lead to an unwanted reduction of the accessible
spectral range in F) and contribute to a further degradation of the correlation
spectra. Considering these effects leaves one with the choice of either to
compensate for the limited excitation bandwidth by using composite refocusing
pulses, or to acquire PFG-HMQC spectra in magnitude-mode which is feasible
without the need to apply m-pulses in the indirect domain and has e.g., been
used in a two-dimensional experiment involving relayed "H/(X)/Y coherence
transfer,” or, finally, to keep using phase-cycling rather than PFG’s for
coherence selection. The latter is still routinely employed e.g., for the indirect
detection of the metal NMR spectra of rhodium complexes (see below) where
large chemical shift ranges have to be covered but, owing to the 100% natural
abundance of the '**Rh isotope, suppression of parent signals is no particularly
important issue.

HSQC rather than HMQC-based transfer schemes have recently
in particular been employed in various indirectly detected two- and three-
dimensional "H/X/Y correlation experiments involving multi-step coherence-
transfer in either direction.”® ***** The application of PFG’s appears to
be essential to obtain a sufficiently clean spectrum that is free of artefacts,
and in many cases the pulse sequence shows only a satisfactory perfor-
mance if composite pulses, with a larger excitation bandwidth than normal
ones, are employed.”'**3%%3 The pulse schemes yield generally phase-sensitive
spectra with pure absorptive lines and do not suffer from splitting or
broadening of the cross peaks as a consequence of the undesired evolution
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of homonuclear couplings in the indirectly detected dimensions that is a
common draw-back of HMQC-based experiments. Consequently, three-
dimensional experiments of this type are best suited for the structural assign-
ments of organoelement compounds with complicated structures or of product
mixtures’’ where good spectral resolution in several dimensions is essential
for the disentangling of overlapping signals and the solution of complicated
assignment problems. Two-dimensional versions with relayed 'H/(X)/Y
coherence transfer*** can be employed as a time-saving alternative to the
long-lasting three-dimensional experiment in the analysis of medium-sized
organometallics whose NMR spectra reveal a medium degree of complexity.

3. RECENT APPLICATIONS OF X/Y CORRELATIONS

The recent applications of heteronuclear X/Y correlation spectroscopy in
inorganic and organometallic chemistry show a strong focus on two key issues,
viz. the use of indirect detection techniques to measure the chemical shifts of
scarcely accessible, insensitive nuclei and the utilisation of multi-dimensional
correlation techniques to derive structural assignments in the heteroatom-
containing backbones of organometallic (macro)molecules. The utilisation of
inverse spectroscopy for sensitivity improvement is frequently of wvital
importance for metal NMR studies on inorganic and organometallic
complexes with low-y transition metals, while the analysis of coupling
pathways and chemical bond patterns dominates the application of X/Y
correlations for the structural elucidation of non-metallic organoelement
compounds. For the sake of clarity, the remainder of this section is divided
according to the chemical nature of the materials studied into two parts which
put special emphasis on applications devoted to the analysis of transition metal
complexes and of non-metallic organoelement compounds, respectively. It
should be noted, however, that a strict separation according to the key issues
addressed at the top of this paragraph is not feasible as the application of X/Y
correlation methods serves often a combination of different objectives, and
aspects of both issues will thus appear in either part.

3.1. Transition metal NMR studies of organometallic and inorganic
coordination compounds

Transition metal NMR spectroscopy is not only a valuable source of structural
information, but metal chemical shifts may also permit predictions of the
reactivity and possibly even catalytic activity of a complex.”' The key to such
analyses is frequently the observation of correlations of metal chemical shifts
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with reaction rates or other physical or chemical properties which can be traced
back to a common electronic origin of the individual features. While a concise
analysis is outside the scope of this article, a basic understanding of the
underlying effects is feasible if one remembers that changes in metal chemical
shifts are largely determined by the paramagnetic shielding term o}, which is
often approximated by the expression given in equation (2)°' where AE
denotes an average electronic excitation energy, (r ~°) a non-s-orbital expansion
term, and P, and D, are p- and d-orbital population terms, respectively.

opox — (AB) () pp Py + () - Dy) )

3.1.1. Indirect measurement of metal NMR data

Applicable techniques for the measurement of metal NMR spectra depend on
the magnetic properties of the nuclide to be observed.”’ Indirect detection
techniques have predominantly been used for the studies of spin-1/2 nuclides
such as >’Fe, 'Rh, 109Ag, 183W and '®70Os which are hard to study in direct
detection experiments because of their low gyromagnetic ratios and
concomitant long relaxation times. The application of inverse spectroscopy
has been applied to all of the nuclides mentioned,'' but because of the
relevance of rhodium complexes for many applications in homogeneous
catalysis, recent spectroscopic studies exhibit a pronounced focus on complexes
with this metal.

Many stable rhodium complexes that are of potential interest for
catalytic applications contain phosphine or phosphite ligands, and inverse
experiments with *'P detection thus appear as a natural choice for the indirect
observation of the '>Rh NMR spectra and are in fact used by various
research groups as a routine method for compound characterisation now-
adays.”® °® The theoretical sensitivity advantage of 'H-detected inverse
correlation experiments is often outweighed by the fact that *'P/'%Rh
coherence transfer via the appreciably large IJRh’p coupling is easily feasible
even in cases where 'H/'”’Rh coherence transfer suffers from substantial
losses due to relaxation or dynamic effects or is impossible in the absence of
suitable long-range couplings,”® and both methods are frequently used as
complementary rather than competitive approaches.”®® As both *'P and
'3Rh nuclei occur in 100% natural abundance, the application of pulsed
field gradients to aid the selection of the wanted signals in the presence of large
undesired parent signals is generally not considered necessary, and the basic
phase-cycled HMQC pulse scheme appears to be the experiment of choice. The
defocusing delays in the HMQC sequence are normally set to match the
large IJRh‘P couplings of 100-200 Hz, but modification of the delays to
select coherence transfer via long-range couplings ("Jrpp =~ 3-20 Hz) has also
been applied.>**?



HETERONUCLEAR X/Y-CORRELATION SPECTROSCOPY 89

Indirect detection through a heteronucleus other than *'P has been employed
in the application of '*C/'®Rh correlations to the spectroscopic study of
substituted rhodium carbonyl clusters of composition [Rhe(CO);sL],**3>¢7
[Rhg(CO)14L,],°>7 [RhgC(CO) 4> ~>* (L =various 2-electron donor ligands),
and the mixed clusters [Rh,Pt3(CO)o(PPhs)s] and [Rh,Pt,(CO),(PPhs);],°
respectively. Motivation of the investigation of these clusters was provided
both by their relevance in catalysis and their interesting structural and dynamic
properties, and '*C/'%*Rh correlation techniques were employed together with
other NMR experiments for the verification of the structures and to obtain
secure spectral assignments. A special technical aspect of these experiments
has already been discussed in Section 2.2.1 and refers to the possibility of
distinguishing between terminal and face-bridging coordination modes of
carbonyl ligands by means of the observation of triple-quantum effects in the
correlation spectra.®

The potential of inverse spectroscopy to the characterisation of rhodium
complexes with unusual molecular structures was further demonstrated in the
spectroscopic characterisation of complexes with cationic bis-(phosphonio)-
benzophospholide ligands that bind to the metal via the lone-pairs of a two-
and a three-coordinate phosphorus atom,”® and of compounds featuring
rhodium-hydrogen—tin three-centre bonds.>” * The rhodium chemical shifts of
pentacoordinate acyl- and hydridorhodium complexes which are considered
important intermediates in hydroformylation reactions were determined
from both *'P and '*C detected HMQC spectra at high H,/CO pressures in
sapphire NMR tubes.®*®® An unprecedented yet highly interesting approach
to use rhodium NMR spectroscopy for the recognition of P-chiral
phosphines was reported by Magiera et al.®> who were able to discriminate
the different diastereoisomers obtained from the reaction of racemic
phosphines with a chiral dirhodium complex [Rhy(R*CO,)4] (see Fig. 14)
by means of two-dimensional *'P/'®*Rh HMQC spectra. Even though the
acquisition of metal NMR spectra is not obligatory for the determination of
enantiomer ratios (which is easily feasible e.g., from the much more easily
available *'P  NMR spectra), it proved of importance for a concise
characterisation of the complexes and permitted the assignment of the two
different rhodium environments, gave an exquisite demonstration of the
J-coupling selectivity of the HMQC transfer, and allowed one to determine the
coupling constant between the two metal nuclei from a passive splitting of
the correlation signal along the F| axis.

Recent applications of X/Y correlation techniques to measure chemical
shifts of low-y, spin-1/2 transition metal nuclei other than rhodium focused
mainly on the analysis of silver and tungsten complexes; in addition, the use
of 3C-relayed "H/'" Pt correlations for the stereochemical analysis of some
platinum complexes was explored.** A report on the application of *'P/°'V
correlation spectroscopy demonstrated further the possibility of indirect
detection of rapidly relaxing quadrupolar metal nuclei and the feasibility of the
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Fig. 14. *'P/'®Rh{'H} HMQC NMR spectra of the adduct of chiral [Rh,{(R)-mtpa},]
((R)-mtpa = R-1-methoxy-1-trifluoromethyl-phenylacetate, anion of Mosher’s acid)
with the racemic phosphane PPh(Me)(NEt,) obtained via a HMQC sequence tuned
to observe correlation signals via 'Jgnp (defocusing delay 4.5 ms, left) and ZJRh’p
(defocusing delay 19 ms, right) to give the chemical shifts of the directly bonded Rh(L)
and the remote Rh(2) metal atoms in the dinuclear adduct. Each spectrum displays two
well resolved sets of peaks indicating the presence of two diastercomers with different
31P and 'Rh chemical shifts with the chiral discrimination (8v) being clearly larger for
Rh(L) than for Rh(2). Reproduced from ref. ®* by permission of John Wiley & Sons.

two-dimensional method for the constitution analysis and signal assignments,
even though from the point of sensitivity the indirect detection proved less
advantageous as compared to direct observation of the highly sensitive metal
nucleus.®

Studies of *'P-detected *'P/'®Ag HMQC of spectra silver complexes were
conducted in the first place to aid in the concise spectroscopic characterisation
of both stable and kinetically highly labile complexes which could only be
identified from NMR spectroscopic studies at low temperatures.®®”°
Investigation of the "W NMR spectra of organometallic complexes were
performed for tungsten carbyne and vinylidene complexes that carry
phosphines as spectator ligands,*’" a series of phosphenium complexes fea-
turing coordination of tungsten to a formally divalent cationic phosphorus
atom,’” and for some complexes of phosphorus-heterocycles with delocalised
n-electron systems that bind to tungsten either via a lone-pair at phosphorus or
another donor atom.”>”* The spectra were recorded either via *'P-detected
3p/18W HMQC without gradient assistance,*®”"”* or as "H-detected, *'P-
relayed 'H/(*'P)/'®*W correlation with gradient selection,”* and both direct
(]JW’P> 200 Hz) and long-range couplings ("Jw p 3-15 Hz"*™*) were used for
coherence transfer. The relative performance of *'P- and 'H-based methods for
the detection of '**W is governed by similar factors as in the case of '“*Rh,
and both methods are frequently used as complementary rather than
competitive approaches.*® The assignment of coupling pathways, relative
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Fig. 15. The stereoisomeric thiourea-platinum complexes shown in (a) display large
thc Couplings for the a-carbon atom in that branch of the N,N-dialkyl substituent
which is in a favourable ‘W’ configuration with respect to the metal atom (thick bonds).
The assignment of the (fortuitously overlapping) 'H and '*>Pt NMR signals of all three
stereoisomers was feasible by means of indirect detection of these couplings from a
"H detected "H/('*C)/'°Pt correlation spectrum which is shown in (b) together with
the one-dimensional 'H and '’Pt NMR projections. Reproduced from Ref. 44 by
permission of John Wiley & Sons.

signs of coupling constants,’"’® and last, but not least, the determination of

183W chemical shifts, served both for the verification of structural assignments
and the analysis of electronic influences on trends in metal chemical shifts
(see below).

The application of "H/('*C)/'”°Pt relayed correlation spectroscopy for the
characterisation of the thiourea-platinum complexes shown in Fig. 15* may
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serve as an example to demonstrate the power of inverse two-dimensional
spectroscopy even for metal nuclei of medium receptivity where direct
acquisition of metal NMR spectra is easily feasible. The problem in this
example is thus not the impossibility to acquire the '>Pt NMR spectrum,
but rather the assignment of the resonances of the three configurational
isomers present as a mixture. A solution to this problem was found in
the observation that couplings to the carbon atoms in the N,N-dialkyl
substituent were in each isomer *Jp,c only evident for the branch which is in a
favourable ‘W’ configuration with respect to the platinum atom. Consequently,
the metal atoms in the E,E- and Z,Z-isomers exhibit a single '*°Pt/'*C
correlation connecting the '*°Pt resonance with the '*C signal of either a
set of two identical CH, or CH; carbon atoms, respectively, while the metal
atom in the E,Z-isomer simultaneously displays both correlations. The map-
ping of the different connectivities, and thus the signal assignment, becomes
immediately evident from the displayed two-dimensional 'H/('*C)/'*°Pt
correlation spectrum (Fig. 15) in which indirect detection of the '*C signals
through the directly attached hydrogen atoms was chosen for the reason of
higher sensitivity.

3.1.2. Interpretation of trends in metal chemical shifts

Analysis of trends in transition metal chemical shifts was in most cases
attempted by exploring statistical correlations with other observable spectro-
scopic quantities such as ligand atom chemical shifts or metal-ligand coupling
constants,”” °*’? with Hammett and Tolman parameters,** or by making
qualitative assessments on the basis of steric or electronic effects (e.g., dif-
ferent o-donor/m-acceptor capability) associated with the formal exchange
of single ligands in a series of isostructural complexes.****®>"" For an
interpretation of the established trends it was generally assumed that the
variations in chemical shifts are determined by changes in the paramagnetic
shielding contribution and can be described in the frame of the approximation
given in equation (2). In most cases, the variation of the AE ™! or (r ~3) terms,
respectively, was identified as the dominating factor that governs the variation
of metal chemical shifts. -3 60:64.65.71

Even though the outlined approach allowed the successful rationalisation of
many experimentally observed shift/structure and shift/reactivity correlations,
Leitner et al. have pointed out that such relations cannot be expected to be
universally valid and require that structural variations are modest and avoid
large simultaneous changes in parameters that may have opposite effects on
metal chemical shifts.®’ To overcome these drawbacks and establish a more
rational interpretation of chemical shift trends, they used a combination of
experimental and computational efforts to assess the importance of different
electronic and structural factors on the metal chemical shifts of a series of
rhodium complexes with bidentate chelating bisphosphine ligands. The basis of
their approach is first the validation of experimentally observed metal shifts by
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the computational data derived from studies of the same compounds, and
subsequent simulations of the influence of structural distortions by computing
the variation of the metal chemical shifts upon variation of individually
selected geometrical parameters. It appears that the major improvement of this
approach is the possibility to separate not only the electronic and structural
influences on the variation of metal shifts, but also to assess quantitatively the
relative importance of the individual influences. Thus, the finding that sterically
induced changes in the metal coordination sphere exert a strong influence on
the rhodium shifts reproduces earlier findings of purely empirical studies.' "¢+
In addition Leitner ef al. were able to demonstrate that electronic effects on the
metal shifts of complexes [{R,P(CH,),PR,}Rh{hexafluoroacetylacetonate}]
(R =p-substituted aryl) induce variations of rhodium shifts not exceeding
80 ppm and are transmitted via a direct inductive influence, whereas much
larger shift differences of a total span of ~ 800 ppm are mainly introduced by a
parallel increase of Rh—P distances and P-Rh—P bond angles which accompany
an increasing size of the chelate ring.®’

3.2. Structure elucidation of heteroatom-containing backbones in
organoelement compounds

The conceptual advantage of using two-dimensional X/Y or three-dimensional
"H/X/Y correlations for the visualisation of coupling pathways and the direct
mapping of heteroatom connectivities in the backbone of organoelement
compounds has long been recognised,'’ and even if their general utilisation in
the field of constitutional analysis lags behind that of multi-dimensional H/C
or H/X correlations, these methods are highly valuated as powerful analytical
tools in special areas, e.g., the structural analysis of elementorganic polymers
where both 'H and '*C NMR spectra show rather low signal dispersion, the
structural analysis of fluoro-organics or inorganic species such as phospha-
zenes (or silicones) and lithium amides whose backbones are nearly devoid of
proton (and carbon) atoms. Owing to the chemical nature of the substrates of
interest, most applications of X/Y or 'H/X/Y correlation methods involve at
least one of the four elements *'P, 'F, '3C, or °Li (which is better suited for
correlation spectroscopy than the more abundant nuclide "Li because of its
lower quadrupole moment), respectively. The interest in the analytical
characterisation of organofluorine and organophosphorus compounds seems
to be triggered both by the concern to characterise the properties of these
important materials and the excellent receptivity of the '"F and *'P nuclei
whereas '*C is of interest as the most abundant constituent of the molecular
frameworks of organometallic compounds in general.

Although the different applications discussed in this section are closely
related and follow similar conceptions, we will discuss applications of two-
dimensional X/Y and three-dimensional 'H/X/Y correlations in two separate
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parts. 'H/(X)/Y correlations with relayed coherence transfer can for
this purpose be considered a special case of X/Y correlations where one
coupling partner is indirectly detected via protons, and will be dealt with
appropriately.

3.2.1. Application of two-dimensional X|Y and "H|(X)]Y
correlation methods

Two-dimensional X/Y correlation techniques are particularly well suited to
elucidate the solution structures of organoelement molecules or kinetically
labile aggregates of organolithium reagents of medium complexity. Of all
conceivable combinations of heteroelements X and Y, those involving fluorine
as one nucleus are considered unique as the high receptivity of '°F offers an
excellent opportunity for the indirect detection of scalar coupled heteronuclei
("F-based inverse spectroscopy yields nearly 86% of the sensitivity
enhancement of 'H-based 'H/X correlation experiments), and the two-
dimensional technique facilitates unambiguous signal assignments in the case
of many fluoro-organics whose one-dimensional NMR spectra are complicated
by higher-order effects and intricate coupling patterns. In fact, both issues have
stimulated recent investigations of the prospect of '’F/Y correlations in the
analysis of organoelement compounds and fluorine containing polymers.

The use of '"F-detected inverse NMR spectroscopy for the detection of >N
signals was demonstrated by the spectroscopic characterisation of some
fluorinated pyridines.”” The experiments were carried out by using an
accordion-optimised IMPEACH-MBC pulse sequence which was designed for
the simultaneous observation of correlation signals over a wide range of long-
range couplings of different magnitude and has been discussed in some detail in
Section 2.1. Determination of the relative signs of heteronuclear "Jg /" /.1
and "Jg u/"JE.c coupling constants for 2,4-dinitrofluorobenzene has been the
motivation to measure '’F/'N and '""F/"*C long-range correlations of
this compound,”” and '’F-detected '"F/'3C HMQC or gradient-assisted
HSQC spectra have been used as an indispensable aid in the process
of deriving unequivocal assignments of both the '°F and '*C NMR spectra of
various fluorinated halocarbons’®’” and a difluoroethene-hexafluoropropene
co-polymerisate.”! Two further examples of '"F-based correlation techniques
involve the use of a '"F/!'"Sn HMQC correlation as the key experiment to
verify a fluxional structure with dynamically equilibrating fluorine-tin dative
bonds of a dimeric difluoro-tetra-tert.butyl-stannoxane in solution,”® and the
use of '"F/”’Se HETCOR spectra to assign both the '’F and "’Se resonance
signals of isomeric fluoro-phenylseleno-alkenes.'®

Even though the NMR receptivity of *'P is substantially lower than that of
YF, 3'P-detected *'P/'>N HMQC”® and gradient enhanced HSQC correlation
spectra® have successfully been applied to detect and assign the '°N reso-
nance signals of various acyclic and cyclic phosphazenes and their complexes.
One-dimensional versions of the gradient-assisted HSQC experiment have
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Fig. 16. "H/(*'P)/">N correlation spectrum of a dynamically equilibrating mixture of
1,2,4-diazaphosphole and its conjugate base, 1,2,4-diazaphospholide, which was
obtained by incomplete deprotonation of the former. The exchange is rapid on the
"H (see projection on top) and *'P chemical shift time scale, but still slow on the '°N
chemical shift time scale, making indirect observation of the "N NMR signals via
relayed coherence transfer across the large large *Jp g (~40 Hz) and 2Jp (& 20-30 Hz)
couplings feasible. The spectrum was acquired by using the pulse sequence shown in
Fig. 11a which was modified by employing composite 180° pulses on the "N channel
(from ref. 80).

further served to accomplish precise measurements of the magnitude of "Jp N
coupling constants.”> A superior sensitivity gain than with *'P detected
correlation experiments was feasible by performing the indirect detection
of '>N resonances and "Jp y coupling constants from 'H-detected 'H/(*'P)/">N
triple resonance shift correlations with relayed magnetisation transfer or
"H-detected Jp n-resolved spectra, respectively.*® Pulse sequences for these
experiments which involve two consecutive INEPT-transfer steps have been
discussed in detail in Section 2.2.2, and their application has been
demonstrated by measuring N chemical shifts and Jpx couplings in
azidophosphines (cf. Fig. 13) and aromatic phosphorus heterocycles. A further
illustration of the successful utilisation of a relayed "H/(*'P)/'N coherence
transfer scheme is given by the indirectly detected N NMR spectrum
of a sample of partially deprotonated 1,2,4-diazaphosphole shown in
Fig. 16.%° The observation of three correlation signals is explained by the
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simultaneous presence of the 1,2,4-diazaphosphole and its conjugate
base, respectively, and the occurrence of all three correlations at the same
3P and "H chemical shifts is due to the presence of dynamic exchange which is
moderately slow on the "N but fast on the *'P and 'H chemical shift time
scales. Signal broadening effects associated with the exchange process impeded
the observation of the '°N signals in single pulse or INEPT as well as 'H-based
HMBC experiments via "Jyy long-range couplings. In consideration of
these findings, the success of the relayed 'H/(*'P)/'>N experiment is
presumably attributable to the fact that the relayed coherence transfer via
large 2JP’H (~40 Hz) and *JpyN (~20-30 Hz) couplings requires shorter
times and is thus less susceptible to the adverse effects of relaxation and
chemical exchange than INEPT or HMBC experiments via small 2JN,H
couplings.

Similar relayed "H/(*'P)/X coherence transfer experiments, as discussed
above for X = '°N, have also been utilised to resolve ambiguous assignments of
13C NMR signals (X="C) of aromatic phosphorus heterocycles,**’* and
3p.detected *'P/''"Sn HMQC spectroscopy has been applied to obtain
unequivocal assignments of the *'P and ''"?Sn NMR signals of diastereomeric
dibutyltinphosphonate oligomers.®!

The last topic to be discussed in this section refers to the application of
Li/Y correlation techniques aimed at a concise structural characterisation of
lithium organyls and lithium amides which are eminently important chemi-
cal reagents. The formation of individual reagents is often accomplished
by metallation (Li-H or Li—X exchange) reactions, and it is well known
that the chemical reactivity of the resulting species is strongly affected by
aggregation and solvation processes. Lithium has two naturally occurring
isotopes, and even if 'Li exhibits better receptivity, both because of its
higher natural abundance and its higher gyromagnetic ratio,’Li is much
better suited for correlation spectroscopy and behaves, because of its much
smaller quadrupole moment, very much like a spin-1/2 nucleus.®* In order to
improve the NMR receptivity, experiments involving °Li are routinely per-
formed with uniformly [°Li] labelled (>95% isotopic abundance) or even
[°Li,"*C] or [°Li,'>N] doubly labelled substrates. In order to slow down che-
mical exchange, recording the spectra at low temperatures down to — 120°C
may be required.

Two-dimensional °Li/Y correlation spectra of organolithium reagents have
been studied for some time and although in previous reports a variety of
elements such as >'P, #Si, and ’Li'"** have been employed as the
heteronucleus Y, recent studies focused essentially on the application of
®Li/"3C and °Li/'>N correlations for the structural investigation of lithium
amides and lithium organyls, respectively. Methods employed include
predominantly °Li/">C***%¢ and °Li/'>N HMQC***"** correlations with
coherence transfer via 1JC’Li or 1JN,Li for the determination of connectivity
patterns, and °Li/"*C J-resolved spectroscopy®* ®¢ for the verification of the
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number of coupling partners in individual aggregates. Coherence selection was
generally accomplished by phase-cycling schemes rather than PFG’s, but the
optimisation of the pulse sequence to allow the efficient detection of XY, spin
systems with several indirectly detected spins has been given some
consideration.**

In contrast to earlier investigations in this field,”” which dealt mainly with
the structure elucidation of aggregates of simple reagents, the focus of the
more recent studies has turned more and more to the investigation of
increasingly complex systems, including the structure elucidation of mixed
lithium alkyl/lithium amide or lithium alkyl/lithium alkoxide aggregates,®® ¢
the identification of complicated ladder structures of lithium amides,*’ studies
of solvation effects at low ligand concentration,*® and the aggregation of
chiral reagents.®***%¢ A common feature of all of these studies is that
attempts to solve analytical problems of increasing complexity require an
appropriate diversity of the experimental approach, and two-dimensional X/Y
correlation experiments make up just a part in a series of various one- and
two-dimensional experiments aiming at the characterisation of static
molecular structures as well as the mechanism and kinetics of dynamic
exchange effects.

11

3.2.2. Application of three-dimensional 'H|X|Y correlation methods

Dispersion of NMR signals in three dimensions is normally chosen if the
resolution of overlapping signals in both one- and two-dimensional spectra
remains incomplete,*’ or if the assignment of correlations in two-dimensional
spectra remains ambiguous, e.g., because of the presence of accidental (near)
degeneracy of different "Jxy coupling constants.** Applications where these
aspects gain importance include the analysis of synthetic polymers composed
of a sequence of chemically like repeat units, or of mixtures of isomers where
the signals of several closely similar small or medium sized molecules may
overlap in a way that unambiguous assignment of the spectral lines of
the individual components and thus the elucidation of their constitution is
no longer feasible. Owing to the chemical composition of the substrates
studied, the three-dimensional correlation experiments performed so far
relied generally on the element combination 'H/'*C/Y where Y denotes
heteroatoms such as '°F, 2°Si, *'P or '!Sn that are either directly interspersed
between the carbon atoms in the backbone of a polymer or molecule, or
occur in substituents along the chain or as a marker for the chain end of a
polymer, respectively.

Recent examples of the application of three-dimensional 'H/'*C/Y
correlation spectroscopy for the characterisation of polymers included studies
of polystyrene samples obtained by diphenylphosphinyl radical initiated
polymerisation of styrene (Y =7'P)***%% and the characterisation of
Sn-containing polybutadiene that was prepared by anionic polymerisation
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and subsequent capping of the chain ends of the resulting living polymer with
Bu;SnCL* The heteroatoms serve in both cases as spin labels that mark
the chain ends, and most experiments rely on an ‘out-and-back’ coherence
transfer which employs lJC’H and "Jcy couplings to shuffle magnetisation
from a proton to the adjacent carbon atom and further to the heteronuclear
spin label, and vice versa (cf. Fig. 8).

The advantage of the application of three-dimensional NMR methods
to characterise the heteroatom-containing structures in a polymer is two-
fold. First, the characterisation of chain end structures containing '*C and
possibly a second rare heteronucleus such as ''”Sn in natural isotopic
abundance is a highly challenging task as it requires the detection of
signals under complete and uniform suppression of up to 10° times stronger
signals of the remaining protons in the sample. The observation of the
desired correlations in the three-dimensional spectrum benefits in this