
MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 227È236 (1997)

Structural Studies on Aryl-SubstitutedNMR
Complexes by Concerted Use ofp-Allyl–Pd(II)

Gradient-Based Experiments
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Department of Chemistry, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Barcelona, Spain

Complete 1H and 13C NMR assignments of several aryl-substituted p-allyl–Pd(II) complexes were achieved using
modern gradient-based 1D and 2D experiments. In addition, unambiguous 31P assignments were readily made
using an improved gradient-enhanced 1H–31P HMBC experiment from which the regiochemistry of cationic com-
plexes containing asymmetric bidentate ligands could also be elucidated. The e†ect of the nature of the substituent
on allylic proton and carbon chemical shifts is brieÑy evaluated. Finally, a partial p–r–p isomerization mechanism
is proposed taking into account some observed dynamic NMR processes which are largely dependent on the ligand
nature of these complexes. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

Linear free energy relationships (LFER) correlating
NMR data with Hammett constants constitute a useful
technique for determining the transmission of inductive
and electronic resonance e†ects through aryl systems.
Thus, we have recently described the preparation and
the correlations of chemical shift di†erences, *d, with
Hammett substituent constants of several g3-allylic Pd
complexes1h3 and found that such an approach is a
good tool for studying the mechanisms of the transmis-
sion of electronic e†ects from the ligands to the allylic
moiety and for determining the distribution of the posi-
tive charge density in these cationic complexes.

Several e†orts have been directed towards studying
the three-dimensional solution structure of n-allylÈPd
complexes4h11 and, speciÐcally, their characteristic
dynamic processes.12h16 We report here the NMR
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structural analysis of two di†erent types of n-allylÈ
Pd(II) complexes containing aryl substituents in the
allyl moiety. The complete 1H, 13C and 31P assign-
ments were made by the concerted use of several
gradient-enhanced experiments such as 2D COSY,17
1HÈ13C 2D HMQC,18 1HÈ13C 2D HMBC18,19 and
1HÈ31P 2D HMBC experiments. On the other hand,
NOE data were extracted from phase-cycled 2D
NOESY spectra20 or from a gradient-enhanced 1D
ROESY (GROESY) experiment21 when selective excita-
tion on the target proton was possible. From these
results, the structure and related dynamic processes
have been studied and a partial nÈpÈn isomerization
mechanism is proposed which is largely dependent on
the ligand nature in these complexes.

RESULTS AND DISCUSSION

Bis(k-chloro)bis[1-(4-X-phenyl)-g3-allyl]dipalladium (1)
and bis(k-chloro)bis[3-phenyl-1-(4-X-phenyl)-g3-allyl]
dipalladium (2) complexes (Scheme 1) exhibit simple
NMR spectra in which the presence of only the more
stable syn or synÈsyn forms of the presumed trans

Scheme 1
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228 R. MALET ET AL .

isomers, respectively, are observed in solution. Thus, the
aryl substituents are always found in a syn position with
respect to the central proton H-2, and consequently
H-1a, H-2 and H-3a protons always represent an antiÈ
anti arrangement Hz). The H-3a(J1a2 BJ23a B 11È12
and H-3s protons exhibit minimal mutual coupling (\1
Hz) and aryl ortho protons are assigned by ROE(H

o
)

enhancement obtained from H-1a (and H-3a in 2) in
GROESY spectra. Our results are in agreement with
the general observation that the proton resonance fre-
quency of Hsyn is higher than that of Hanti. These dimers
can be used as precursors of the cationic complexes
3È61h3 (Scheme 2) and their 1H and 13C chemical shifts
and J(HH) coupling constants are listed in Table 1. As a
general trend, we found that the more electron-
withdrawing is the substituent X, the more shielded are
H-1 and C-1 whereas H-2, H-3, C-2 and C-3 appear to
be more deshielded.

On the other hand, we have also studied some mono-
and diaryl-substituted Pd(II) tetraÑuoroborate com-

Scheme 2

plexes (3È6) containing two di†erent bidentate ligands :
(i) 1,2-(diphenylphosphino)ethane and (ii) (1-di-
methylamino-2-diphenylphosphino)ethane (Scheme 2).
To study how the electronic e†ects are transmitted from
the symmetric or asymmetric bidentate ligand to the
allylic system via the palladium atom requires a full
signal assignment characterization of such compounds.
Table 2 shows the more relevant 1H, 13C and 31P
chemical shifts and Table 3 summarizes the most
important homo- and heteronuclear coupling values of
these complexes.

Allylic proton and carbon assignments in 3 and 4
could also be easily achieved by simple analysis of
COSY and HMQC spectra. In general, the inÑuence of
the inductive and resonance e†ects of the substituent on
allylic 1H and 13C chemical shifts follows the same
trends as observed for 1 and 2. However, the presence of
aryl substituents at both ends of the allylic substructure
in 4 complicates the assignment of the aromatic
protons. Sometimes, a 31P-decoupled 1H spectrum was
useful for simplifying such spectral analysis (Fig. 1).

The crucial step in such assignments was the analysis
of NOE data, which revealed through-space inter-
actions between the H-1 and H-3 protons with the cor-
responding aromatic protons of each aryl ring. InH

othe case of H-1, this proton was correlated in a two-H
ospin AB system (ring A), whereas in the case of H-3, the

proton belongs to a AA@BB@C system (ring B) (TableH
o4). However, phenyl groups bound at the same phos-

phorus atom in the ligand are not equivalent and, there-
fore, a complete spectral assignment of aromatic
protons was often difficult to achieve because of the
presence of a large number of overlapped resonances in
a very narrow spectral region. The complete proton
assignment of aryl systems was achieved by the con-
certed use of COSY and NOESY spectra. Among the
above-mentioned NOE cross-peaks, weaker but signiÐ-
cant inter-ligand NOE enhancements were observed
between the H-1a/H-3a protons and the corresponding

protons of only one aryl system of the allyl ligandH
oframework (Fig. 2), providing an unequivocal stereoche-

mical assignment of all aryl systems (Table 4).
Another inconvenience arose in the case of 4c because

both H-1 and H-3 had the same chemical shift and,

Table 1. 1H and 13C chemical shifts (ppm) and J(HH) coupling constants (Hz) of complexes 1 (in and 2 (inCDCl3)a DMSO-d6)

Ring B

Compound H-1 H-2 H-3a H-3s H
o

H
m

(H
p
) (o /m /p)b C-1 C-2 C-3 J

12
J

23a
J

3a3s

1a 4.50 5.85 3.16 4.08 7.59 8.10 — 83.16 115.12a 66.33 11.3 12.1 6.2

1b 4.52 5.74 3.03 3.97 7.37 7.31 — 85.70 113.63a 64.97 11.0 12.1 6.6

1c 4.52 5.73 3.02 3.96 7.38 7.21 — 85.61 113.57a 64.86 11.3 12.1 6.9

1d 4.59 5.76 3.00 3.93 7.46 7.20 (7.34) — 81.70 105.82 59.34 11.3 12.1 6.9

1f 4.64 5.69 2.94 3.88 7.41 6.78 — 82.54 104.42 58.47 11.3 11.7 6.6

2a 5.22 7.12 5.36 — 7.95 8.15 7.75/7.36/7.42 79.50 108.80 85.15 11.0 12.1 —

2c 5.22 6.97 5.22 — 7.74 7.38 7.74/7.38/7.38 82.30 107.77 83.72 11.3 11.3 —

2d 5.25 6.98 5.25 — 7.74 7.40 (7.40) 7.74/7.40/7.40 83.60 107.50 83.60 11.7 11.7 —

2e 5.25 6.91 5.20 — 7.65 7.17 7.74/7.36/7.40 84.34 107.02 83.17 12.4 12.4 —

2f 5.30 6.85 5.13 — 7.70 6.92 7.73/7.35/7.35 85.02 106.06 82.34 12.1 11.7 —

2gc 5.22 7.13 5.36 — 8.00 8.19 7.79/7.43 79.97 109.35 83.96 12.1 12.1 —

a Except for 13C NMR data for compounds 1a, 1b and 1c (in DMSO-d
6
).

b Ring B corresponds to the run substituted phenyl ring at position 3 in 2.(¼R
1
)

andc X ¼NO
2

R
1
¼4-Cl-Ph.
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Table 2. 1H, 13C and 31P chemical shifts (ppm) of complexes 3–6 (in CDCl3)

Compound H-1a H-2 H-3a H-3s C-1 C-2 C-3 P-1a P-2a

3a 5.41 6.44 3.60 4.73 89.84 120.00 69.27 50.44 51.97

3b 5.40 6.22 3.55 4.68 93.09 117.56 67.15 48.57 50.97

3c 5.38 6.23 3.49 4.64 —b —b —b 47.46 50.90

3d 5.32 6.27 3.42 4.60 95.20 116.95 66.35 47.14 50.89

3e 5.36 6.20 3.37 4.57 95.83 116.20 65.77 45.93 49.99

3f 5.39 6.16 3.32 4.53 96.66 114.11 65.25 45.95 49.48

4a 5.53 6.77 5.64 — 84.70 113.11 93.95 47.74 50.26

4c 5.50 6.58 5.50 — 88.17 111.78 91.14 46.17 47.70

4d 5.49 6.63 5.49 — 90.10 111.60 90.10 47.09 47.09

4e 5.49 6.53 5.40 — 90.72 111.04 89.54 46.21 46.21

4f 5.51 6.50 5.32 — 91.45 110.32 88.90 46.08 45.49

4gc 5.43 6.82 5.55 — 85.41 113.75 91.84 47.62 48.82

5a 5.54 6.42 3.47d 3.47d 96.08 117.01 51.23 41.77 —

5b 5.48 6.16 3.42 4.09 99.32 114.49 50.48 40.04 —

5d 5.46 6.17 2.99 3.81 100.48 113.91 49.89 39.98 —

5e 5.45 6.10 2.99 3.37 101.29 113.04 49.41 40.26 —

5f 5.51 6.07 2.93 3.81 101.95 111.97 48.94 38.70 —

6a 4.83 6.45 4.27 4.83 69.65 120.68 80.96 — 39.25

6b 4.74 6.28 4.09 4.68 —b —b —b — 36.39

6d 4.74 6.28 4.05 4.65 —b —b —b — 35.33

6e 4.80 —b —b 4.62 —b —b —b — —b

6f 4.85 6.25 3.97 4.59 —b —b —b — 33.98

a P1 and P2 correspond to phosphorus atoms placed trans and cis , respectively, with respect to H-1.
b Not measured.

andc X¼NO
2

R
1
¼4-Cl-Ph.

d Signals appearing as a simple broad resonance.

therefore, the NOE data gave ambiguous answers. In
this case, the cross peak signals appearing in the
1HÈ13C HMBC spectra between the previously assign-
ed protons of each aryl ring in the allyl system andH

o

the C-1 or C-3 carbons allowed unambiguous 13C and
31P assignments to be made.

Unambiguous 31P resonance assignments were
usually achieved by using long-range protonÈ

Table 3. J(HH), J(HP), J(CP) and J(PP) coupling constants (Hz) of complexes 3–6

Compound H1a–H2 H2–H3a H2–H3s H1a–P1 H3a–P2 H3s–P2 C1–P1 C1–P2 C2–P1 C2–P2 C3–P1 C3–P2 P1–P2

3a —a —a —a 11.2 —a —a 27.7 6.5 6.5 6.5 5.0 25.5 42.5

3b —a —a —a —a —a —a 26.5 6.6 6.6 6.6 5.2 24.6 40.7

3c 13.5 13.5 8.0 11.3 12.2 6.8 —b —b —b —b —b —b 41.2

3d 13.5 13.3 7.7 11.6 12.8 6.8 26.8 6.5 6.9 6.9 6.5 26.8 41.5

3e 13.3 13.3 7.4 12.2 12.1 6.9 25.9 6.5 6.5 6.5 4.6 27.7 40.7

3f 13.2 13.2 7.7 11.2 11.5 6.9 25.9 6.5 6.9 6.9 4.6 27.7 40.7

5a 13.2 13.2 9.7 9.1 — — 27.7 — —a — 4.6 — —

5b 13.5 13.0 9.5 9.1 — — 25.7 — —a — —a — —

5d 13.4 12.9 9.9 9.2 — — 25.9 — 5.5 — 3.7 — —

5e 13.5 —a —a 9.1 — — 25.9 — 5.5 — 2.8 — —

5f 13.5 12.1 7.4 8.8 — — 24.9 — 5.5 — 2.8 — —

6a —a 13.7 —a — 9.2 —a — 5.5 — 5.6 — 24.8 —

6b 11.6 —a 7.6 — 7.5 6.3 — —b — —b — —b —

6d 12.3 13.1 6.6 — 9.8 3.3 — —b — —b — —b —

6e 12.0 —a —a — —a —a — —b — —b — —b —

6f 12.5 —a 7.4 — 9.2 7.4 — —b — —b — —b —

4a 12.7 12.7 — 13.2 10.1 — 25.9 6.5 7.4 7.4 6.5 24.1 50.4

4c 12.6 12.6 — —a —a — 26.8 6.5 7.4 7.4 6.5 24.1 48.6

4d 12.8 12.8 — —a —a — 15.7 15.7 7.4 7.4 15.7 15.7 —c

4e 13.0 12.8 — —a —a — 15.7 15.7 7.4 7.4 15.7 15.7 —c

4f 13.0 12.8 — 9.3 9.9 — 22.2 8.3 7.4 7.4 9.2 23.1 48.3

4gd 12.8 12.8 — 7.9 9.9 — 25.0 7.4 6.5 6.5 7.4 23.1 50.6

a Not measured owing to line broadening or overlapped signals.
b Not detected.
c The 31P spectrum showed only a single resonance.

andd X ¼NO
2

R
1
¼4-Cl-Ph.

e The corresponding H3a–H3s, H1a–P2, H2–P1, H2–P2, H3a–P1 and H3s–P1 couplings were unresolved. However, the H1–P2 and H3–P1
couplings in complexes 6 were sometimes resolved, showing a value in the range 2.6–3.3 Hz.
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Figure 1. Expanded aromatic and olefinic section of the (a) conventional 400 MHz 1H spectrum and (b) broadband 31P-decoupled 1H
spectrum of 4a. The signals assigned to the allylic and aryl ortho protons are labelled.

phosphorus n [ 1) and carbonÈphosphorus(nJHP , (nJCP ,
n [ 1) coupling constants because in pseudo-planar
complexes the trans coupling values are generally larger
than the corresponding cis coupling values. A simple
way to deduce 1HÈ31P connectivities is from a selective

31P-decoupled proton spectrum, although a more
general approach for this purpose would be a 2D
1HÈ31P long-range correlation experiment.22,23 We
used a single-scan 2D 1HÈ31P HMBC experiment (Fig.
3) in which the desired coherence selection is achieved

Table 4. Aromatic 1H chemical shifts (ppm) of complexes 4, 5a and 6a (in CDCl3)

Ph
A

Ph
B

Ph
1

Ph
2

Ph
3

Ph
4

Compound ortho meta para ortho meta para ortho meta para ortho meta para ortho meta para ortho meta para

4a 7.13 7.57 — 7.02 6.90 7.01 7.62 7.62 7.68 6.70 7.08 7.24 7.30 7.48 7.43 6.85 7.23 7.39

4b 6.96 6.83 — 7.05 6.95 7.02 7.60 —a —a 6.79 7.19 7.37 7.39 —a —a 6.73 7.17 7.37

4e 6.90 6.71 — 6.98 6.92 7.00 7.47 —a —a 6.74 7.15 7.33 7.38 —a —a 6.74 7.11 7.33

4f 6.95 6.44 — 7.00 6.90 7.00 7.45 —a —a 6.76 7.14 7.33 7.37 —a —a 6.76 7.14 7.33

4g 7.11 7.57 — 6.95 6.77 — 7.52 7.58 —a 6.74 7.12 7.28 7.37 —a —a 6.82 7.24 7.40

5a 7.83 8.20 — — — — — — — — — — 7.61 7.65 7.52 7.61 7.65 7.52

6a 7.13 7.54 — — — — 7.64 —a —a 6.83 7.10 7.26 — — — — — —

a Overlapped resonances appearing in the range 7.45–7.65 ppm.
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Figure 2. Phase-sensitive 2D NOESY spectrum of 4f recorded with a mixing time of 500 ms. Black-filled cross-peaks stands for a negative
NOE correlation.

by means of PFG (similar results can be obtained by
introducing coherence rejection in a gradient-based
long-range optimized HSQC pulse train, as described
recently24). In this way, a clean 2D 1HÈ31P map
showing all two- and three-bond protonÈphosphorus
connectivities is quickly obtained in a few minutes
without the need for a complete phase cycle. Gradient

Figure 3. Pulse sequence for recording gradient-enhanced
single-scan 1H–31P HMBC spectra. D is optimized to and1/2J

HP
the gradient ratio is 1.238 : 1.238 : 1. All pulses are applied along
the x-axis. A minimum two-step phase cycle in which the first 90¡
(31P) pulse and the receiver are inverted on alternate scans can be
applied in order to remove possible axial peaks appearing at F

1
¼0.

ratios must be optimized according to the proton and
phosphorus gyromagnetic ratios. The general condition
for optimal N-type signal rephasing is as follows :

(cH ] cP)G1[ (cH [ cP)G2[ cH G3\ 0 (1)

Thus, taking in account that acH/cP B 2.47,
1.238 : 1.238 : 1 gradient ratio a†ords one possible solu-
tion.

In the resulting 1HÈ31P HMBC spectra we only
observe clear cross peaks between the allylic proton and
the phosphorus atom placed in a trans arrangement
among other intra-ligand interactions. On the other
hand, cross peaks arising from cis connectivities or from
the central allylic H-2 protons were usually missing
because J \ 2.5 Hz (Fig. 4).

Complexes 5 (trans) and 6 (cis) exist as an equilibrium
mixture where the trans isomers 5 were always shown
to be the major compounds, as deduced from the
1HÈ31P HMBC spectra (Fig. 5) and NOE data (Figs 6
and 7). The 1H-decoupled 31P spectra revealed two
singlets where the signal ratios could be easily analysed
and integrated. The cis percentage in the mixture
increased with increasing electron-withdrawing charac-
ter of the substituent on the aryl ring. However, except
in the nitro derivative, the quantity of cis isomer 6 was
always small and this fact, together with solubility lim-
itations, prevented some NMR parameters from being

( 1997 by John Wiley & Sons Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 227È236 (1997)
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Figure 4. 1H–31P HMBC spectrum of 4a.

determined. In contrast to 3 and 4, some dynamic pro-
cesses were observed in both ligand and allyl moieties in
complexes 5 in which line broadening and/or
coalescence of the H-3a/H-3s protons and the two dif-
ferent NMe resonances were observed.

For instance, the GROESY spectrum of 5f after selec-
tively pulsing on the methyl singlet resonating at d 2.01
(Fig. 6) showed clean ROE enhancement in the methy-
lene protons of the ligand (d 2.74) and inter-ligand ROE
to H-1a, and protons of the allyl framework,H

o
H

mconÐrming the stereochemistry. On the other hand, a
strong negative signal was also observed for the other
NMe resonance (d 2.58) due to saturation transfer by
exchange chemical processes. Similar results could be
observed from the analysis of 2D NOESY spectra (Fig.
7). Crucial negative cross peaks arising from inter-
ligand cross relaxation are observed for the H

o
/NMe

pairs, stronger positive cross peaks due to exchange
processes between H-3a/H-3s and the two NMe signals,
and false NOE cross peaks were therefore observed for
the other pair and the H-3a/H-2 and H-1/H-3sH

o
/NMe

pairs. All these data conÐrm the relatively short dis-
tance between the ligand and the allylic frameworks.
The stereochemistry of these compounds was conÐrmed
from the 1HÈ31P HMBC spectra (Fig. 5), in which the
H-1a resonance in the major isomer 5a showed a strong
cross peak with the major 31P resonance, whereas both
H-3a and H-3s protons in the minor isomer showed

cross peaks with the minor 31P resonance. In addition,
evidence for the equivalence of the two phenyl groups in
the ligand moiety in compounds 5 could also be
deduced from these spectra. Thus, the major 31P reson-
ance only showed a single strong correlation to aryl H

oprotons (d 7.61) whereas the minor signal corresponding
to isomer 6 showed two di†erent correlations on the
aryl protons resonating at d 7.64 and d 6.83 (Table 4).

It is also important to describe the inÑuence of the
nature of the ligand on the chemical shifts of the allylic
moiety (Tables 2 and 4). Thus, H-3s and C-3 resonances
in 5 and H-1a, (ring A), (ring A) and C-1 reson-H

o
H

mances (not established for all compounds) in 6 are
shielded up to 0.8 ppm when compared with complexes
3, basically owing to the donor character of the nitrogen
atom. On the other hand, a minor deshielding e†ect is
observed for H-1a and C-1 in 5 and H-3a and C-3 in 6
when compared with 3.

In summary, from the experimental dynamic pro-
cesses observed in 5, we think that a nÈpÈn (also called
g3Èg1Èg3) isomerization mechanism mainly operates in
these complexes 5 containing an non-symmetric ligand
(Scheme 3). Thus, a fast g3Èg1 isomerization in the trans
isomer takes place in which the C-3 carbon becomes an
sp3 carbon. Subsequently, a fast rotation around the
C-2ÈC-3 p-bond followed by a fast recoordination of
the oleÐn would explain the exchange between H-3a/
H-3s protons and between the two equivalent NMe and

( 1997 by John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 227È236 (1997)
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Figure 5. 1H–31P HMBC spectrum of 5a ½6a. Allylic protons of the major isomer are labelled with upper-case letters and those of the
minor isomer with lower-case letters.

PPh groups, respectively. On the other hand, this isom-
erization mechanism is not present for the cis isomer 6,
because no exchange process between any pair of synÈ
anti and ligand signal was observed. For instance, all
H-3 and NMe protons in these complexes 6 always
present sharp resonances in the conventional 1H spec-
trum for which no positive cross peaks due to exchange
are observed in the corresponding NOE spectra. In
addition, there is no evidence for a dynamic cisÈtrans
equilibrium because of the absence of exchange cross
peaks between them. On the other hand, since no
exchange processes are observed for all complexes 3 and
4, it may be concluded that in those complexes contain-
ing symmetrical ligands any dynamic process also
remains slow on the NMR time-scale. In summary,
from the NMR data presented only a nÈpÈn isomer-
ization mechanism can be proposed for complexes 5
and no experimental evidence for an apparent PdÈallyl
rotation25 has been observed.

EXPERIMENTAL

All experiments were performed on a Bruker ARX400
spectrometer equipped with an inverse broadband
probehead incorporating a shielded Z-gradient coil.
Proton and carbon chemical shifts were referenced to
the (7.24 and 77.0 ppm, respectively) or DMSOCDCl3(2.49 and 39.5 ppm, respectively) signals. Phosphorus
chemical shifts were referenced to internal phosphoric
acid capillary. The general experimental conditions for
recording all NMR experiments were as described in
the original reports. The number of scans in each
experiment was dependent on the sample concentration
and the pre-scan delay was always set to 1 s.

ge-2D COSY spectra resulted from a 512 ] 1024 data
matrix size using a 1 : 1 gradient combination.17 The
ge-2D 1HÈ13C correlation (HMQC) spectra resulted

( 1997 by John Wiley & Sons Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 227È236 (1997)
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Figure 6. GROESY spectrum of 5f after selectively pulsing the methyl resonance The mixing time was 500 ms.Me
1
.

from a 128] 1024 data matrix size with two scans per
value using an inter-pulse delay of 3.5 ms and at12 : 2 : 1 gradient combination.18 The ge-2D 1HÈ13C

HMBC spectra were acquired using a purged TANGO
scheme as a preparation period, an inter-pulse delay of
60 ms and the same gradient ratio as described above
for HMQC experiments.19 In this way, direct responses
were efficiently removed and smaller gradient strengths
were needed to suppress undesired 1HÈ12C magnet-
ization efficiently. ge-2D multiple bond 1HÈ31P shift
correlation (HMBC) spectra resulted from a 64] 512
data matrix size using the pulse sequence in Fig. 1.18
The delay * was set to 50 ms and a gradient com-
bination of 1.238 : 1.238 : 1 was used to select the desired
coherence. The phase-sensitive NOESY experiment
resulted from a 2 ] 512 ] 1024 data matrix size using a
mixing time of 500 ms.20 Quadrature detection in the t1dimension was achieved by the TPPI method. High-
quality 1D GROESY spectra were obtained with a
recently proposed pulse sequence21 using a 500 ms

T-ROESY mixing time.26 Gaussian pulses of 20 and 40
ms were used as selective 90¡ and 180¡ pulses, respec-
tively, and a 1 : [ 1 : 2 gradient combination a†orded
the desired coherence selection. All 2D data were zero-
Ðlled once in the dimension and a sine-bell Ðltert1(cosine in NOESY spectra) was used before Fourier
transformation in both dimensions. All Ðeld gradientB0pulses (maximum strength of 15 G cm~1) had a Gauss-
ian shape truncated at 5% and a length of 1 ms fol-
lowed by a 100 ls recovery delay.
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Figure 7. Phase-sensitive NOESY spectrum of 5d ½6d recorded with a mixing time of 500 ms. Black-filled cross-peaks stands for a
negative NOE correlation whereas positive signals due to exchange processes are shown by unfilled cross peaks.
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Scheme 3
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