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Chapter 7
Two-dimensional spectra and beyond
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7.1. Introduction

Two-dimensional (2D) spectroscopy is a requirement to improve resolution every
time there is a crowded region of the spectrum or when we want to measure small
scalar coupling constants J,; between two nuclear spins I and J, and is always
convenient because with a single experiment all the information which is obtained
in a series of one-dimensional (1D} experiments can be obtained simultaneously.
However, with the same experiment time the signal to noise ratio is decreased by at
least a factor two. The parameters to obtain 2D spectra are nowadays well optimized
for paramagnetic molecules, and useful information are obtained as long as the
conditions dictated by the correlation time are not too severe. Sometimes care has
to be taken to avoid that the fast return to thermal equilibrium of nuclei washes out
the effects of the internuclear interactions that are sought through 2D spectroscopy.

2D NMR experiments are characterized by four time periods labeled preparation,
evolution, mixing and detection (Fig. 7.1). The preparation period contains at least
one pulse which alters the equilibrium population of at least one nucleus and
generates some magnetization in the xy plane. The evolution period allows the
magnetization to evolve in the xy plane according to the Larmor frequency of the
nuclei which have experienced the preparation pulse(s). The evolution period is
incremented in successive experiments and constitutes one of the two time domains
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Fig. 7.1. General scheme of the time periods involved in 2D experiments.

(t,) on which the Fourier transform is applied at the end of the 2D experiment. After
this time interval a discontinuity is provided by either a pulse or the start of a spin
lock sequence (see later), then the mixing follows. The mixing period t,, which may
be lacking or may coincide with a pulse rather than a time period in some 2D
experiments, allows for the transfer of magnetization or coherence (see later) between
sets of spins which are connected by either dipolar or scalar coupling or by chemical
exchange. At the end of the mixing period, which usually (but not always) has a
constant duration throughout the experiment, the detection pulse provides the xy
magnetization which is detected during the detection period as free induction decay.
The time axis of the latter constitutes the second time domain (¢,) on which the
Fourier transform is applied.

After Fourier transform in both dimensions, a 2D spectrum is obtained. The
spectrum is characterized by two frequency axes, f; and f,, which are related to t;
and t, respectively, and represent the chemical shift scales of the experiment. Cross
peaks represent the projections of signals which appear anytime a spin set affects
another spin set either through dipolar coupling or scalar J;; coupling. The dipolar
coupling allows magnetization transfer as has been shown in the NOE experiments.
The J;; coupling is new to this book but it is quite familiar to all NMR researchers.
It occurs through chemical bonds, i.e. two nuclei interact through the paired electrons
of covalent bonds. Its magnitude, for instance for protons separated by three bonds
(3J,), depends on the dihedral angle H,~X-Y-H, in a way similar to that described
in Section 2.4 for the contact hyperfine coupling. If this interaction is taken into
account, after the perturbation of one or more nuclei the magnetization of two Jy;-
coupled nuclei evolves in a related way ie. by obeying to the J;,-coupling require-
ment. This relationship allows what is called a coherence transfer to be performed.
The meaning of coherence transfer is briefly recalled in Section 7.5. Magnetization
transfer and coherence transfer may occur simultaneously depending on the system,
and their separation is usually achieved through the so-called phase cycling.

2D experiments are devised in the assumption that the various times involved in
the cycle of Fig. 7.1 (with the exception of t,, when present) are small with respect
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to the nuclear relaxation times. When the latter are short for any reason, but in the
present case because of the presence of unpaired electrons, the system of spins may
have reached the equilibrium, or almost reached the equilibrium, before the detection
pulse. Under these circumstances no memory is left for the state of the spins during
the preceding steps. As a consequence, cross peaks may be decreased in intensity
until below detectability. It is necessary, therefore, to match all the time intervals
with the nuclear relaxation times, in order to detect the maximum possible cross
peak intensities. The ideal case is that ¢, and ¢, are as short as possible, compatibly
with spectral resolution, and in any case not much longer than 7. Indeed, as during
the acquisition time in 1D experiments, during ¢, and t, transverse magnetization is
important. The latter decays with T,. As far as the mixing time is concerned, it is
again related to nuclear relaxation times in a fashion which will be described
experiment by experiment (this consideration does not apply to COSY experiments,
for which there is not a formal mixing time). Some gain can be obtained by a more
rapid cycling because (1) the spin systems reach equilibrium quite fast, and (2) the
overall time required by Fig. 7.1 is much shorter. The first 2D experiment on a
system with T, in the range between 50 and 100 ms was an EXSY experiment (see
later) which appeared in 1984 [1]. In 1985 the first NOESY appeared on a pseudotet-
rahedral nickel(II) complex [27; in 1988 the first COSY appeared on a lanthanide
complex [3,47; in 1990 the first TOCSY experiment appeared on a five-coordinated
nickel(IT) complex [5]. Since then, the reports have been numerous, aiming also at
the detection of cross peaks between signals with shorter and shorter T, values.

It has been mentioned in Section 6.3, and it was implicit all over Chapter 6, that
a finite time is required to achieve selective saturation or inversion of a signal by a
soft pulse, during which time magnetization starts to be exchanged, causing non-
linearity of the response (see also Section 9.3). It should be stressed that this is not
the case in all common 2D experiments based on non-selective pulses, which have
durations of the order of microseconds instead of milliseconds, as required for
selectivity. Selectivity in 2D experiments is intrinsic because of the double frequency
labeling along f, and f,.

We are now going to describe some 2D experiments performed on paramagnetic
compounds (Fig. 7.2). We should stress that relatively few laboratories are engaged
in making 2D spectroscopy suitable for the investigation of this type of compound.
Therefore, whereas the literature is richer and richer in suitable sequences for the
various cases in diamagnetic systems, few applications are devoted to paramagnetic
systems. We have the feeling that a lot has still to be discovered in the NMR
investigation of fast relaxing systems in order to reach the goal of solving the
structure and describe the dynamics of paramagnetic molecules in a way similar to
that described for diamagnetic molecules. We hope that the following examples will
give a proper overview of the achievements which have represented a breakthrough
in recent years.

7.2. The EXSY experiment

The 2D exchange spectroscopy (EXSY) is just an extension of the 1D saturation
transfer experiment (Section 4.3.4). The simplest pulse sequence used to obtain EXSY
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spectra is the NOESY sequence reported in Fig. 7.2(A). The first 90° pulse, constitut-
ing the preparation period of Fig. 7.1, tilts the z-magnetization along, e.g., the x axis
in the rotating frame x’ (Fig. 7.3); then the variable time interval ¢, is applied, during
which the spins are labeled according to their frequency. This time must be short
with respect to T,, otherwise not enough in-plane magnetization remains to play
with. Another 90° pulse is then applied which sends along —z the component of the
magnetization that is along x’ at the end of the evolution period. At this point,
during the fixed mixing time ¢,,, the nuclei of a given chemical species (e.g. A) transfer
magnetization to the corresponding nuclei of the other species in chemical equilib-
rium (e.g. B), to an extent that is modulated by the difference in their z-components.
After the time ¢, a 90° detection pulse is applied, which brings back to the xy plane

Z

M2

Fig. 7.3. Vector representation of an EXSY (or NOESY) experiment. The first 90° pulse along y rotates
the equilibrium magnetization of the A and B spins from the z axis to the x” axis. During ¢,, the two
transverse magnetizations precess in the x’y’ plane at their characteristic frequencies, and their x’ (and »')
components result periodically in and out of phase. The second 90° pulse tilts the two x’ components
along the z axis. During t,,,, magnetization transfer occurs, to an extent that depends on how out of
phase the two magnetization vectors were just before the second 90° pulse (i.e. depending on the value
of 7;). The third pulse tilts the two z components, whose intensities have been altered during t,, in a
t;~dependent manner, along x'. Detection can then occur during ¢,. In the presence of magnetization
transfer, the intensity of (for example) the A signal detected during t, is thus modulated not only by its
characteristic frequency but also by the frequency of the B signal. A cross peak is thus generated.

Fig. 7.2. Some of the most common 2D pulse sequences that can be employed using a proper choice of
parameters to record 2D spectra of paramagnetic molecules: (A) NOESY, (B) ROESY, (C) COSY,
(D) ISECR COSY, (E) zero-quantum (double quantum) COSY, (F) TOCSY, (G) HMQC. Sequences
(A), (B) and (F) are also used to obtain EXSY spectra. SL indicates a soft spin-lock sequence, while
MLEV17 indicates a train of spin-locking hard pulses that optimizes the development of Jy; coupling.
In the reverse heteronuclear experiment (G) the upper and lower levels refer to 'H and heteronucleus
respectively. The phase cycles are not indicated. For clarity of discussion, all initial pulses can be thought
to be applied along the )’ axis, in such a way that the magnetization after the first 90° pulse is always
along x'.
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the magnetization of the nuclei of the species in chemical equilibrium. The time ¢,
ideally should be much longer than the exchange time 1,, and much shorter than
the T; values of the signals. If the exchange time is longer than T;, then the best
compromise is to set ¢, ~ T;. The maximal information content in EXSY experiments
is in the first ¢; and ¢, points. Generally, NMR spectroscopists apply a weighting
function to the FID in order to optimize the response. Therefore, in this case we
multiply the FID by a weighting function of cos- or cos?-type in order to give more
“weight” to the first points.

We recall here that the phases of the pulses in Fig. 7.2(A) sequence, as well as of
all other pulse sequences shown in Fig. 7.2 and described later in this chapter, must
be properly cycled to achieve selection of the desired connectivities and suppression
of artifacts and of other connectivities due to different types of interaction. The
criteria to choose the appropriate phase cycling do not depend on the presence of a
paramagnetic center in the molecule, and the reader should refer to the many
publications on multidimensional NMR for details.

The first EXSY experiment on a paramagnetic system [ 1] described the chemical
exchange between partially reduced species of a cytochrome ¢ containing four hemes
(Fig. 7.4). The electron exchange time could be estimated from the relative volumes
of the cross peaks. The latter can be determined through numerical integration from
the experimental signal intensities over a suitable area of the spectrum. Since the
cross peak volume increases with the exchange rate, k_; (=1, as defined in
Eq. (4.25)), and decreases with (p* + p®)/2 (A and B being the two species in chemical
exchange), in analogy with Eq.(6.19), t,, can in principle be determined from a
single 2D experiment. However, if the aim is only that of measuring t,,, it is more
straightforward to perform a single steady state 1D experiment, as explained in
Section 4.3.4. An EXSY experiment is shown in Fig. 7.5, relative to the complex
praseodymium diethylenetriaminepentaacetate (Pr(DTPA)?>~) [3,4]. The complex
undergoes chemical exchange between two conformational isomers. The T, values
of the signals are around 30 ms.

EXSY experiments have the advantage of displaying cross peaks between many
signals belonging to two or more complex species. In Fig. 7.6, the EXSY spectrum
of a ferredoxin containing two Fe,S, clusters is shown [6]. Here, the cross peaks
connect the fully reduced species containing two Fe, S clusters with the intermediate
species containing two “Fe,S}°>*” species and the oxidized species containing two
Fe,S3* species. The intermediate species actually contains one oxidized and one
reduced cluster, which, however, are in very fast exchange so that, as far as NMR is
concerned, only one intermediate species exists. It is noteworthy that we can detect
as many as 20 signals of the intermediate species showing two cross peaks connecting
them with those of the other two species. One of these patterns is exemplified in
Fig. 7.6. Signal (b), arising from the Fe,S}°>* species, is connected to both signal (a),
belonging to the fully reduced species, and signal (c), belonging to the fully oxidized
species. Signals (a) and (c) are also connected by a “two step” exchange cross peak,
(a)—(c), whose nature is conceptually related to the spin diffusion mechanism described
in Section 6.2.3.

EXSY cross peaks are also obtained in TOCSY experiments (see later) because
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Fig. 7.4. The first EXSY experiment on a paramagnetic system [1]: the 300 MHz spectrum, taken with
mixing time of 50 ms, shows species in chemical exchange belonging to two different redox states of a
cytochrome c;, a protein containing four low spin hemes. The signals marked M;—M, represent various
heme methyl groups. EXSY cross peaks are observed between M, of two species containing two (II) or
three (IIT) oxidized hemes respectively.

scalar interactions in the rotating frame are not separable from exchange interactions
[7]. An EXSY experiment, performed using a TOCSY sequence (see later) is reported
in Fig. 7.7 relative to the complex 5CI-Ni-SAL-MeDPT [5]. This complex, as
shown in Fig. 7.8, displays a chemical equilibrium in which the two salicylaldiminate
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Fig. 7.5. 500 MHz EXSY spectrum of Pr(DTPA)*~ recorded with the pulse sequence of Fig. 7.2(A) [4].
The spectrum demonstrates the presence of an equilibrium between two conformational isomers.

moieties exchange their non-equivalent positions [8]. It is interesting to learn that
such complex interconversion occurs with times of the order of the spin lock time
(20 ms} or shorter.

As EXSY cross peak intensities can be close to 100% in favorable cases, EXSY
experiments can be performed with relative ease also on nuclei other than protons.
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Fig. 7.6. 600 MHz EXSY spectrum of the intermediate reduction product of the 2Fe,S, ferredoxin from
C. pasteurianum. Most signals of the intermediate species display cross peaks from both the fully reduced
and the fully oxidized species. The sequence used is that in Fig. 7.2(A). t,, = 5 ms. A pattern belonging to
a single signal exchanging among the three species ((a) fully reduced; (b) half reduced; (c) fully oxidized)
is highlighted as an example.

EXSY experiments are sometimes performed with ROESY sequences (see
Section 7.4).

7.3. The NOESY experiment

NOESY experiments deal with dipolar interactions between nuclei. Successful
experiments are easily planned for nuclei with large magnetic moments like protons,
or for heteronuclei when the dipole—dipole interaction is very strong.
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Fig. 7.7. TOCSY spectrum of the complex 5CI-NiSAL-MeDPT (scheme in Fig. 7.8) showing exchange
cross peaks between the two 4H (T; = 5 ms) and between the two 3H (T} = 37 ms) salicylaldiminate ring
protons. The spin lock time was 20 ms.
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Fig. 7.8. Conformational equilibrium displayed by 5CI-Ni-SAL-MeDPT. The two halves of the molecule
are inequivalent owing to the CH, substituent on the apical nitrogen. The equilibrium involves two
equivalent conformations differing in the chirality of the apical nitrogen [8].

The basic pulse sequence for the NOESY experiment is just that illustrated in
Fig. 7.2(A). In the mixing period t,, magnetization transfer occurs between sets of
nuclei / and J which are dipolarly coupled. After any given ¢, value and the second
90° pulse, the magnetization of the two sets of spins will be along z with different
components. The situation is the same as that illustrated for the EXSY experiment
of Fig. 7.3, if one substitutes the labels A and B for the two chemically exchanging
sites with I and J for the two sets of nuclei. Just like in a transient NOE experiment,
cross relaxation between the two sets of nuclei occurs. In order to predict the intensity
of cross peaks, reference should be made to Fig. 6.8 and Eq.(6.19), provided it is
considered that positive NOE corresponds to negative NOESY cross peaks and vice
versa. This is not surprising if it is remembered that when the NOE is negative it
has the same sign of the irradiated peak in the difference spectra. By referring to
Fig. 6.8(B), and keeping in mind the reversal in sign, when 7, is small, the NOESY
cross peaks are small and negative (i.e. of opposite sign with respect to the diagonal
peaks). With increasing 7, they increase in absolute value and then decrease again
until the zero value of the cross peak intensity is obtained. Then, the absolute
intensities of positive cross peaks increase. This explains why NOESY experiments
are best performed on macromolecules, unless very large concentrations can be
reached. The best ¢, is of the order of T;. In the case in which the cross peak occurs
between signals with sizably different 7; values t,,, can be optimized according to the
following equation:

grax _ L (p—D 7.1
™ =20 "N\p+D (71)

where the symbols have the same meaning as in Eq. (6.19). A table is also provided
for the reader’s convenience (Table 7.1), which reports the best mixing time values
to?* for each combination of T1 and T{ (p; ! and p; ') values for the pair [9]. Note
that when the two T; values are very different, optimal 3P is more than four times
longer than the shorter T; value. As in EXSY experiments, the maximal information
content is in the first ¢, and ¢, points. Again, the most used weighting functions are
cos- or cos2-type.

NOESY experiments may sometimes be a hard task for small molecules, because
in the fast motion limit cross relaxation is small and so is the NOE. In Table 7.2 the
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Table 7.1

Optimal homonuclear NOESY mixing times 3P for various T; (p ') values (ms) of the two spins I and
J, calculated using Eq.(7.1). Cross peak intensities (%) for a &, value of —1s~! are shown in
parentheses [9]

T! T!
128 64 32 16 8 4 2 1
128 128 89.0 59.2 380 23.7 14.3 8.5 49
(4.72) (3.20) (2.02) (1.19) (0.67) (036)  (0.19)  (0.10)
64 89.0 64.1 44.4 29.6 19.0 11.8 7.2 42
(3.20) (2.36) (1.60) (1.01) (0.59) (033)  (0.18)  (0.09)
32 59.2 444 320 22.2 148 9.5 59 3.6
(2.02) (1.60) (1.18) (0.80) (0.50) (0.30)  (017)  (0.09)
16 38.0 29.6 22 16.0 11.1 74 48 30
(1.19) (1.01) (0.80) (0.59) (0.40) (025)  (0.15)  (0.08)
8 23.7 19.0 14.8 11.1 8.0 5.5 37 2.4
(0.67) (0.59) (0.50) (0.40) (0.29) (0.20)  (0.13)  (0.07)
4 14.3 118 9.5 7.4 5.5 40 2.8 1.8
(0.36) (0.33) (0.30) (0.25) (0.20) (0.15)  (0.10)  (0.06)
2 8.5 72 59 48 3.7 238 20 1.4
(0.19) (0.18) (0.17) (0.15) (0.13) (0.10)  (007)  (0.05)
1 49 42 3.6 3.0 2.4 18 14 1.0

(0.10) (0.09) (0.09) (0.08) (0.07) (0.06)  (0.05)  (0.04)

calculated *H-'H maximal NOESY intensities are reported for a range of 7, values
and R,,, values (taken equal for the two spins). From the t, values the corresponding
molecular weights are calculated through the Stokes—Einstein equation (Eq. (3.7))
for # = 1. The mixing time is always equal to p; (= pyy) + Ryy) to maximize the
effect. The NOEs are reported for two magnetic fields and for two proton—proton
distances of 1.8 and 3.0 A. The purpose of this table is to show under which
circumstance NOESY spectra of paramagnetic molecules can be attempted. The
crossing point between fast and slow motion regimes occurs at MW~ 800 at
600 MHz and at MW = 2500 at 200 MHz. The maximal intensities in the fast motion
regime are always small in absolute value and therefore the observability of cross
peaks is predictable but critical. The researcher dealing with low molecular weight
compounds may either use low fields or increase 7, by increasing solvent viscosity
and use the highest possible field.

As discussed in Section 6.2.3, spin diffusion is not a problem in small complexes.
In macromolecules, the problems are negligible when the nuclear Ry, values are

Fig. 7.9. NOESY spectra of the oxidized form of 2(Fe,S,) ferredoxin from C. pasteurianum taken using
mixing times of 20 (A), 10 (B) and 5 (C) ms. Signals (a)—(h) belong to 5-CH protons of cluster-coordinated
cysteines and cross peaks 1-8 connect them to their geminal partners, which lie in the diamagnetic region
of the spectrum. The other cross peaks arise from «-CH protons of the cysteines and from other nearby
residues. The cross peaks between the fastest relaxing signals (f-CH protons with their geminal partners)
are maximal at the shortest mixing time, whereas those between the former and more slowly relaxing
signals increase at longer mixing times [10].
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Fig. 7.10. Computer-simulated NOESY cross peaks between signals with different T, values. Conditions:
pl=pi=40s"Y pi=50s"% p3=200s"Y o =5s"" (A)*=5>=100s"Y (B) =T},
3% = T%; (C) 7% = T3, #** = T. Note that the upper left cross peak has maximal intensity in case (B),
the lower right cross peak has maximal intensity in case (C), whereas in case (A) the two intensities are
equal and intermediate between the larger and the smaller of cases (B) and (C). For simplicity,
tm =T} = T has been taken. A cos® weighting function has been applied.

much larger than cross relaxation. Such problems become increasingly significant
when the R, values get smaller. Under these circumstances it may be useful to
perform the NOESY experiments at different mixing times. At short mixing times
(short relative to 7;) only primary NOEs are detected whose intensities are propor-
tional to ¢. At increasing mixing time, the build up of these signals can be followed
and new cross peaks may appear. In macromolecular systems the best conditions
for measuring NOESY cross peaks are met, because 7, is long (see Table 7.2). In
Fig. 7.9 the NOESY spectrum of an Fe,S, protein of MW 6000 is shown where cross
peaks are apparent between signals with 7; values of a few milliseconds [10]. With
mixing time of the order of few milliseconds NOESY cross peaks are observed
between signals with short T;, whereas NOESY cross peaks are observed between
signals with longer T; values if longer mixing times are used. The observation of
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cross peaks between fast relaxing and slow relaxing signals can be accomplished
with mixing times appropriately chosen according to Table 7.1. The difference in T,
which often parallels the difference in T;, provides elliptical cross peaks (as shown
in Fig. 7.10(A)). The maximal value of ¢; (t7**) is best chosen to be equal to or less
than one of the two T, values, and the maximal value of t, (t5**) to be equal to or
less than that of the other. Under these circumstances, one of the two cross peaks
on one side of the diagonal is enhanced whereas the other is sacrificed (Figs. 7.10(B)
and 7.10(C)). The difficulty, which is a limit of the technique, is that it is often not
possible to see in the same 2D map cross peaks arising from signals with strongly
different T; and T, values. If reference is made to the system of Fig. 7.9 we see that
only some cross peaks are evident between -CH, protons of cysteines and between
p-CH, and o~CH protons. If some other cross peaks are observed between f-CH,
and other more diamagnetic protons, then cross peaks between the latter and
diamagnetic protons are absolutely missing. When we increase the mixing time in
order to detect the latter part, the cross peaks with the -CH, are sizably reduced
in intensity and will be eventually lost. The procedure used up to now is that of
firmly recognizing signals farther from the paramagnetic center to which the f-CH
protons are dipolarly connected (mostly through 1D NOE), and then try to relate
them to known dipolar patterns observed in the diamagnetic region of NOESY
spectra recorded with longer ¢, t7** and 5%,

From comparison of Table 7.2 with Table 6.2 (or of Eq. (6.20) with Eq. (6.10), i.e.
of transient NOE or NOESY vs. steady state NOE intensities, it appears that the
latter are superior under any circumstance. This superiority is striking if the intrinsic
asymmetry of the steady state NOE with respect to the symmetry of transient NOE
and NOESY experiments (Section 6.4) can be exploited, as in the case of irradiation
of fast relaxing nuclei to detect NOE to slow relaxing nuclei. Of course, NOE
experiments are advantageous over NOESY experiments if one is looking for dipolar
connectivities from only a few specific signals.

Sometimes the shifts of a few signals are so large that it is inconvenient to include
them into the spectral window because this will either decrease the resolution or, if
resolution is maintained by increasing the data points in the two dimensions, cause
cumbersome spectral manipulations. Then, it may be convenient to use a smaller
spectral width and allow the excluded signals to appear as folded images, or “ghost”
signals. This can be easily accomplished in the f; dimension by increasing the time
increment in ¢; between one experiment and the next [117]. It can also be accom-
plished in the f, dimension by likewise increasing the dwell time, provided the filter
width is chosen large enough to include all the signals. Ghost signals give “ghost”
cross peaks. An example of this is illustrated in Fig. 7.11(A), showing the 600 MHz
NOESY spectrum of the four-cobalt cluster of Co,MT, with MT indicating the
protein metallothionein (MW = 6000) [ 12].

Sometimes the signals are outside the maximal spectral width allowed by the ADC
of the instrument. In this case the folded spectrum is a necessity. Another possibility
is that of using an ADC with smaller dynamic range (e.g. 12 bit instead of 16 bit at
the present level of technology) but larger spectral window (e.g. ca. 5-10 MHz instead
of ca. 100-200 kHz). Fig. 7.11(B) shows the 600 MHz NOESY spectrum of the above
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Fig. 7.11. 600 MHz NOESY spectra of the four-cobalt cluster of cobalt-substituted metallothionein. The
spectra have been recorded with 7, =7 ms using a specially built probe featuring a 90° pulse of 3.7 ps.
(A) Spectrum obtained with a 125 kHz 16 bit ADC by folding the spectrum in both dimensions; cross
peaks g—b and c~i are folded. (B) Spectrum recorded using a fast ADC over a 250 kHz spectral width.
The nine observed connectivities between geminal protons of cobalt-coordinated cysteine p-CH, are
summarized in the inset. Cross peaks marked with numbers are EXSY cross peaks to a minor species
labeled Y in the inset [12].

protein complex [ 12] covering a spectral width of 250 kHz, recorded with a 12 bit
ADC. At least nine out of the 11 expected cross peaks between geminal protons of
cysteine S-CH, (see inset of Fig. 7.11) are observed. Some of the signals giving rise
to cross peaks have T, values as short as 1 ms.

Of course, these considerations regarding the folded spectra and decreased dynamic
range of the ADC hold for any kind of 2D spectroscopy. We have mentioned them
here because such problems happen to have been afforded in the NMR literature
on paramagnetic compounds in connection with NOESY spectra.

7.4. The ROESY experiment

The 2D ROE or ROESY experiment is a spin locked 2D experiment (Fig. 7.2(B)).
After an initial 90° pulse and the variable evolution period ¢;, a low power or “soft”
spin lock sequence (SL) is applied for a time t,, during which magnetization transfer
in the rotating frame occurs. The SL is often applied off resonance to avoid generation
of TOCSY cross peaks (see Section 7.6). Then, acquisition is performed, using
weighting functions of cos or cos? type. As shown in Fig. 6.10, the ROE is always
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positive, so that ROESY cross peaks are always negative (i.e. opposite to the
diagonal) independently of the magnitude of 7,. ROESY experiments are thus most
useful for relatively small molecules where NOESY cross peak intensities may be
close to zero (w7, ~ 1, see Section 6.5). As in NOESY, magnetization transfer occurs
through dipolar coupling, and applications are limited to protons. A comparison
between a NOESY and a ROESY spectrum of a metalloprotein containing four
heme groups is reported in Fig. 7.12 [13].

It should be noted that NOESY and ROESY pulse sequences also provide EXSY
spectra, and therefore EXSY cross peaks may appear simultaneously in the 2D
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Fig. 7.12. NOESY (A) and ROESY (B) spectrum of a four heme cytochrome. The exchange cross peaks
in the two spectra have the same sign and give information on different interactions [13].
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NOESY and ROESY spectra. EXSY cross peaks are always positive in both types
of experiment, whereas dipolar cross peaks are negative in EXSY spectra indepen-
dently of molecular weight and in NOESY spectra of small molecules. Therefore, in
macromolecules the sign for NOESY and EXSY cross peaks is the same, and the
two phenomena cannot be distinguished in NOESY experiments. In contrast,
ROESY cross peaks have different sign from EXSY cross peaks and can be distin-
guished and even plotted selectively in ROESY experiments. These considerations
are summarized in Table 7.3 for the reader’s convenience.

The problem with spin locking experiments, which is common to TOCSY (see
Section 7.6), is that spin locking of signals over a wide range requires sizable r.f.
power, which is sometimes not available or, if available, cannot be delivered to the
sample because heat cannot be dissipated fast enough. However, the mixing times
used for paramagnetic systems are generally shorter than for diamagnetic systems,
so that the total energy (higher power x shorter time) delivered to the sample may
be of the same order of that used in diamagnetic systems. Even so, temperature and
lock instabilities may arise. This problem, together with the intrinsic higher sensitivity
of NOESY with respect to ROESY makes the former a more common investigation
tool. In the problem illustrated in Fig. 7.12 the spectral width is relatively small.

As an example of a system in the fast motion regime, a portion of the ROESY
spectrum of a small lanthanide diporphyrin complex is shown in Fig. 7.13, together
with portions of the NOESY and TOCSY spectra [14]. The subspectra refer to
phenyl rings attached in the meso position to one of the two coordinated porphyrins
(Fig. 7.13, inset). The flip rate of the rings is slow on the chemical shift scale but fast
on the relaxation time scale. Therefore, separate signals are observed for the exo and
endo ortho and meta ring protons. Strong and positive (Table 7.3) EXSY cross peaks
are apparent in ROESY and NOESY spectra (as well as in the TOCSY spectrum,
see Section 7.6), whereas all dipole—dipole cross peaks are negative in the ROESY
and NOESY spectra. In the latter, only one dipole-dipole cross peak is observed,
on account of the rotational correlation time of the system being close to the null
point for the NOE interaction [ 14] (see also Sections 6.2 and 6.5).

7.5. The COSY experiment

The COSY experiment is the most familiar to 2D NMR spectroscopists. The cross
peaks connect protons which are coupled by scalar interactions. Under these condi-

Table 7.3
Signs of 1D difference spectra or 2D cross peaks arising from dipole-dipole or chemical exchange
interactions in fast (FM) and slow (SM) motion regimes®

Experiment 1D NOE NOESY 1D ROE ROESY
Motion regime FM SM FM SM FM SM FM SM
Dipole—dipole + - - + + + - _
Chemical exchange - - + + — — + +

# Signs of 1D experiments are referred to a negative irradiated signal; signs of 2D experiments are
referred to a positive diagonal peak.
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Fig. 7.13. ROESY (A), NOESY (B) and TOCSY (C) cross peaks observed in the phenyl ring 2D pattern
of the complex shown in the inset (Ln=Yb>*). Negative cross peaks are highlighted by squares, and
positive cross peaks by circles [ 14].

tions each signal of a two-spin system I-J is split into two components, whose
separation in frequency is determined by the scalar coupling constant J;;. The
simplest COSY pulse sequence is that reported in Fig. 7.2(C). There is an initial 90°
pulse followed by the evolution time t,, during which antiphase magnetization of
the scalar-coupled spins builds up. The concept of antiphase magnetization is recalled
in Fig. 7.14. The magnetization of the two components of (for example) the I doublet,
rotates in the xy plane at different frequency. In a frame rotating at the frequency
of the center of the doublet, the two components will rotate in opposite directions
with frequency +J;,/2. The two in-plane components arise from I spins whose J
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Fig. 7.14. Vector representation of a COSY experiment. The first 90° pulse along y' rotates the equilibrium
magnetization of the I and J spins from the z axis to the x axis. During ¢, the transverse doublet
components of, e.g., signal I (assumed to precess at the rotating, frame frequency) separate. Their X’
projections are in phase, while their y’ projections are in antiphase. Antiphase magnetization is associated
with the two opposite components of the J spin ( hence the label 21,J, for the resulting four-vector pattern).
The second 90° pulse along x’ interchanges the I and J spins, producing a —2J,I. antiphase product
operator. During ¢, the latter generates a detectable in-phase magnetization of the J spin, whose initial
intensity had been modulated by the I spin Larmor frequency during ¢, thus originating a cross peak.

neighbors have opposite M, components (x and f3). The projections of the two [
components on the rotating frame axis on which the magnetization was tilted by
the first 90° pulse (e.g. the x’ axis) oscillate in phase (Fig. 7.14(A)) while those on the
y axis oscillate in antiphase. The in-phase and antiphase projections are also called
single quantum and antiphase coherences. In the product operator language they
are indicated as I, and 21,J (see Appendix V). The two are cyclically interconverted
into one another during the time ¢,. The antiphase coherence has indeed a strict 1: 1
relationship with the corresponding two M, components of the J spin (Fig. 7.14(A)).

When the second 90° pulse is applied, the antiphase magnetization of the [ and
J spins is interchanged (Fig. 7.14(B)). During t,, the new antiphase coherence,
—2J,1,, is again cyclically converted into a single quantum coherence J,, which is
a detectable magnetization of the J spin. The mixing formally occurs with the second
90°, and we have seen that the appropriate coherences must develop during both
and t,. If it were not for transverse relaxation, the antiphase coherence of the I spin
would develop during ¢, proportionally to sin(nJ,;¢,), and the maximal antiphase
intensity would be obtained for t, = 1/2J;;. This sinusoidal dependence is, however,
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damped by a term exp(—t,/T3). An analogous behavior is shown by the build up
of the single quantum coherence J, during t,. Overall, the intensity of the cross peak
builds up and decays according to the following relationship:

I(t) = sin(nJ ;t,) exp(— p3t,) sin(nJ ;) exp(— p3t,) (7.2)

The two cross peaks are distinguished according to which of the two T or T3
constants appears in each dimension. From Eq. (7.2), it appears that the maximum
information is not contained in the first data points. For T, > 1/2J/;, it is well known
that the maximal intensity is obtained when the center of the ¢; and ¢, intervals is
at 1/2Jy;, ie. for 7** = 3** =1/J;;. For T, « 1/2J,;, maximal intensity is obtained
for £ = 2T% and 7°* = 2T3. Of course, at these short time values, the sine build
up of the interaction is small. Weighting functions of sin, sin? or matched-filter-type
are used to maximize the signal to noise ratio. In any case, since the 7, values in
paramagnetic compounds are small, the cross peak intensity is drastically reduced.

The coherence transfer provides cross peaks which are antiphase for the various
J1-split components. The antiphase nature of the cross peaks then leads to partial
or total cancellation of the cross peaks themselves, especially if they are phased in
the absorption mode. This behavior can be simulated (Fig. 7.15) using appropriate
treatments of the time evolution of the spin system, for instance using the density
matrix formalism (Appendix V). It is quite common that signals in paramagnetic
systems are so broad as to wipe out the Jy; splitting. It has been pointed out that,
if the cross peaks are phased in dispersion mode rather than in absorption mode,
the loss of intensity is drastically reduced [15]. Accurate phasing may be difficult,
however, when the cross peak intensity is small, as happens in paramagnetic com-
pounds. Acquisition and Fourier transform in the so called magnitude mode gives
results that are of comparable quality but are absolutely insensitive to phasing.
Indeed, in magnitude mode the intensity is given by

[ =(4%+ D)2 (7.3)

where A and D stand for the pure absorption (or real) and pure dispersion (or
imaginary) components of the signal respectively. In Fig. 7.16(A) part of the magni-
tude COSY spectrum of the pseudotetrahedral complex NiSAL—-i-prop (scheme in
the inset) is reported [16]. COSY cross peaks are evident between adjacent protons
in the aromatic ring. Although the lines in this case are not very broad, it appears
that the phase-sensitive spectrum, routinely phased in absorption mode, has a higher
resolution than the magnitude mode spectrum but is of lower quality (Figs. 7.16(A)
and 7.16(B)). A better quality is obtained by phasing the spectrum in dispersion
mode (Fig. 7.16(C)). A good quality spectrum is also obtained with the in-phase

Fig. 7.15. Calculated shapes of cross peaks in COSY spectra characterized by T, <« 1/2J (conditions:
J=8Hz; T, =5 ms; £ = 7** = 10 ms). (A) Phase-sensitive spectra, phased in dispersion mode; (B) phase-
sensitive spectra, phased in absorption mode; (C) magnitude mode spectra. Sin> weighting functions are
used.
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Fig. 7.16. Aromatic ring part of the COSY spectra of the complex shown in the inset [ 16]. (A) Magnitude
mode spectrum; (B) phase-sensitive spectrum, absorption mode; (C) phase-sensitive spectrum, dispersion
mode; (D) ISECR [17] spectrum (sequence in Fig. 7.2(D)). Sin? weighting functions have been used for
spectra (A)—(C) and a cos? weighting function for spectrum (D). Peaks in (A) and (D) are in phase and
positive. The positive components of the 6-5 peak in (B) and (C) are shown in the enlargements.

cross peaks COSY (ISECR COSY) sequence shown in Fig. 7.2D [17], which pro-
vides good resolution and in-phase cross peaks (Fig. 7.16(D)).

In macromolecular paramagnetic systems, further phenomena may concur which
provide COSY cross peaks, when using the sequence of Fig. 7.2(C), whose nature is
actually dipolar (see Section 7.8).
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In several kinds of correlation spectroscopy it is customary to also exploit the
evolution of either zero quantum (ZQ) or double quantum (DQ) coherences. As
shown in Fig. 6.1, they correspond to the transition —+ - +— and —— - ++
respectively. The typical pulse sequence is described in Fig. 7.2(E), where after the
first 90° pulse we wait for a time 4/2, then we send a 180° pulse which has the only
role of refocusing the spins to avoid loss of in-plane magnetization due to magnetic
field inhomogeneity. After the same time ¢,/2 we send a 45° pulse in order to dislocate
the antiphase coherence out of the yz plane in such a way as to create ZQ and DQ
coherences (Fig. 7.2(E)). In the product operator formalism, DQ and ZQ coherences
are proportional to I,J,+1,J, respectively. I,J, can be visualized as shown in
Fig. 7.17. The time t4 should be optimized to either 1/2J;, or T,. The DQ (ZQ)
coherence is let evolve for a time t,. At this point we can apply a 90° pulse to
transform back into an antiphase coherence either the DQ or the ZQ coherence
depending on the phase cycling (Fig. 7.17).

Since there is a waste of time in the phase cycling (and some extra loss of signal
due to the overall length of the sequence), there is no advantage in using these or
other COSY techniques in the place of the simple COSY experiment described in
Fig. 7.2(C). However, the relaxation of the ZQ transitions may be little affected by
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Fig. 7.17. Vector representation of a DQ (ZQ) experiment. The first 90° pulse along y' rotates the
equilibrium magnetization of the / (and J) spins from the z axis to the x’ axis. After a time tq = 1/2J},
(interrupted by a refocusing 180° pulse), the antiphase coberence 21,1, is at its maximum. Another pulse
along y' (shown as a 90° pulse for clarity, although 45° pulses are more commonly used) then transforms
the antiphase coherence into a DQ (ZQ) coherence (the 2I,J, component is shown). During ¢, the DQ
(ZQ) evolves until a further 90° pulse along y' transforms the —21,J, component (shown at its maximum
for clarity) into a 2J I, antiphase coherence. During ¢, the latter generates a detectable in-phase
magnetization of the J spin, whose initial intensity had been modulated by the DQ (ZQ) Larmor
precession frequency during t,, thus originating a cross peak.
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the presence of unpaired electrons and under certain conditions may also have some
advantages as far as resolution is concerned [18].

7.6. The TOCSY experiment

TOCSY is a rotating frame experiment designed to detect scalar connectivities
over a large range of J;; values, especially useful for small (ca. 1 Hz) J;; values. The
most common pulse sequence is shown in Fig, 7.2(F) [19]. The spin lock is achieved
by applying a train of relatively high power pulses (the MLEV17 sequence being
one of the most used sequences [207]) in such a way as to continuously refocus the
chemical shift evolution of the various signals in the xy plane. Analogously to
ROESY experiments, the magnetization during the spin lock (mixing) time disappears
with Tj, (i.e. essentially T;, see Section 3.4). It follows that coherence transfer in the
xy plane, which is built up with a sin(nJ,;t) function, also decreases with time
constant py, = (pl, + p1,)/2:

I= Sin(n‘]IJtm) exp(-plptm) (74)

A TOCSY experiment on a paramagnetic molecule is reported in Fig. 7.7 for the
5C1-Ni-SAL-MeDPT complex [5]. Cross peaks between signals with linewidths of
the order of 100 Hz were easily detected. In particular, the couplings of each aromatic
proton with its neighbors are evident. TOCSY cross peaks between signals with
similarly broad lines can also be detected in proteins (see Fig. 7.18) [21].

In TOCSY experiments, the problem of overheating the sample is more serious
than in ROESY experiments because of the large irradiation energy required by the
spin lock pulse. Each individual component of the pulse train must have enough
power to irradiate the whole spectral window of interest. Spin-lock sequences different
from the MLEV17 sequence, that may alleviate the heating problem, are discussed
in Section 9.4.2. Other modifications that are useful to eliminate unwanted NOESY
cross peaks from TOCSY spectra can also be found in Section 9.4.2.

7.7. Heterocorrelation spectroscopy

2D spectra are in principle possible for heteronuclei coupled by either dipolar or
scalar interactions. However, the magnetic moments of heteronuclei are sizably
smaller than that of the proton, and since cross relaxation depends on the square of
the magnetic moment it appears that this is a serious limitation for the observation
of NOESY or ROESY cross peaks. However, as already discussed, in scalar-coupled
systems the relevant coherences build up with sin(nJ;;¢). Since J;; in **C'H and
15N'H moieties is of the order of 10? Hz, as opposed to about 10 Hz between proton
pairs, it is conceivable that scalar correlation experiments are successful.
Heterocorrelated spectra have the advantage of allowing one to detect signals of
protons attached to carbons or nitrogens when they are within a crowded envelope.

Heterocorrelations can be detected both in direct and reverse modes. In the latter
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Fig. 7.18. TOCSY spectrum of the oxidized form of ferredoxin from C. pasteurianum, showing all the
cysteine ligand 8-CH,-p-CH, and some B-CH,-«-CH connections [21].
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mode, dramatic enhancements of sensitivity can be achieved owing to the larger
sensitivity of protons with respect to heteronuclei. In the most common heterocorrela-
tion pulse sequences for reverse detection, called heteronuclear multiple quantum
correlations (HMQC) (Fig. 7.2(G)) [22,24], 'H-'3C DQ coherence is generated by
first applying a 90° pulse on protons and, after a time ¢4 chosen equal to 1/2J,;, by
applying a 90° pulse on carbon (Fig. 7.19). At this point the DQ coherence is let
evolve for a variable time t,. Often, a refocusing 180° pulse on proton is applied at
t,/2. A further 90° pulse on carbon converts the DQ coherence into an antiphase
magnetization (Fig. 7.19), which is let evolve for another time ¢4 to fully develop the
observable single quantum coherence on proton, which is then detected during the
acquisition time t,.

In paramagnetic compounds, in the absence of contact relaxation, heteronuclei
are relaxed much less than protons by dipolar coupling with the unpaired electron(s),
all other things being equal, because of the y? dependence. By looking at the
magnetization behavior during the experiment, we can predict the relaxation of the
system during the sequence. When the linewidths are larger than J,;, the first
antiphase on proton decays during t, essentially with p% for proton (the heteronucleus
being still along the z axis). The DQ (or ZQ) decays with the sum of p} + pJ, whereas
during the second t; the magnetization decays again with p}. In cases where
ph > pl (for instance, large Curie relaxation effects on protons, see Section 3.6), direct
detection may be less disfavored than reverse detection, because during the two t4
intervals pj instead of p3 is involved. The effects, however, are seldomly so large as
to make direct detection more convenient.

5

Fig. 7.19. Vector representation of a 'H-'>*C HMQC experiment. The first 90° pulse along ' rotates the
equilibrium magnetization of the proton spin, I™, from the z axis to the x’ axis. After a time 14 = 1/2Jyx,
the antiphase coherence 2/¥1¢ is at its maximum. A 90° pulse on carbon along y then transforms the
antiphase coherence into a DQ (ZQ) coherence (the 2I¥I$ component is shown). During #; the DQ
(ZQ) evolves (with a 180° refocusing pulse on proton in the middle), until a further 90° pulse on carbon
along x’ transforms the —2I%J¢ component (shown at its maximum for clarity) into a 2I*¥I¢ antiphase
coherence. After the time t4, in-phase magnetization of the proton spin develops. The latter is detected
during t,. Its initial intensity is modulated by the carbon Larmor frequency during ¢, (if proton refocusing

has been used), thus originating a proton—carbon cross peak.
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Fig. 7.20. 600 MHz natural abundance 'H—**C reverse HMQC spectrum of the complex shown in
Fig. 7.13 (Ln = Pr**). The cross peaks involve protons with linewidths of the order of, or larger than,

Jnc [18].

An example of an HMQC spectrum is reported in Fig. 7.20 [18]. 'H-**C connec-
tivities can be detected for signals for which T, < 1/2J;; by setting ¢, = T.

7.8. Coherence transfer caused by dipolar cross correlation

When reference was made to the dipolar coupling scheme between two protons
of Fig. 6.1, it was implicitly assumed that the two single quantum longitudinal
transition probabilities of, for instance, nucleus I, wi, were equal, ie. that they were
independent of the spin state of nucleus J. Similar assumptions are made when



214 Chapter 7/Coordination Chemistry Reviews 150 (1996) 185-220

dealing with transverse transition probabilities. When the coupling is dipolar in
origin, the two transitions are degenerate. Indeed, one never thinks of a signal
belonging to a nucleus dipole-coupled to another nucleus as resulting from the
superposition of two coincident components with equal T; and T,. There are a
number of cases of dipole-coupled pairs, however, where the two components, still
coincident due to the absence of scalar couplings, have different 7, and T,. This
phenomenon originates from cross correlation between the dipolar coupling opera-
tive within the pair and other interactions experienced by the two nuclei and
modulated by the same motion responsible for the modulation of the dipolar coupling
[25]. In principle, a third nuclear spin K dipole-coupled to the other two spins I
and J is sufficient to differentiate the linewidths. In practice, the effect is small and
hardly detectable. A more efficient mechanism is the cross correlation with the
chemical shift anisotropy relaxation mechanism.

In paramagnetic systems, a major nuclear relaxation mechanism is Curie relaxation
(see Section 3.6). In paramagnetic macromolecules Curie spin relaxation is often the
dominant contribution to T;. It has been recently discovered [ 26] that cross correla-
tion between proton—proton dipolar coupling and Curie relaxation may cause the
two degenerate signal components of each nucleus to have markedly different line-
widths. Under these conditions, the common COSY experiment of Fig. 7.2(C) yields
strong cross peaks between signals coupled by dipolar but not by scalar interactions.
The origin of the phenomenon can be better understood if one recalls that the
components of COSY cross peaks are in antiphase (see, for instance, Figs. 7.16(B)
and 7.16(C)). It is obvious that, if the two components coincide, total cancellation
occurs. However, if the two components have different linewidths, they do not cancel
and may give rise to very strong cross peaks, as illustrated in Fig. 7.21.

7.9. Beyond 2D spectroscopy

In a chapter regarding 2D NMR spectroscopy of paramagnetic molecules, the
obvious perspective is that of using three-dimensional (3D) NMR for paramagnetic
molecules. The demand for 3D spectroscopy is based on a need of increased resolution
when macromolecules are concerned. It is possible that for small complexes 3D
spectroscopy will never be necessary. However, everytime something new has
appeared in science, the majority has reacted by saying that the utility was scarce
in their own field, and the majority has not always been right. Therefore, we do not
commit ourselves.

We have seen in Section 7.3 that one limitation of 2D spectroscopy when dealing
with paramagnetic compounds showing a wide range of T; (and T;) values is that
the parameters cannot be optimized for the detection of all connectivities in a single
experiment. Often, at least two experiments are necessary. An advantage of 3D
spectroscopy which is peculiar to paramagnetic systems, and in particular to para-
magnetic macromolecules, is that one can cover the whole range of T; and T, values
present in the spectrum by optimizing the spectral parameters in one 2D plane
(spectral resolution, maximal evolution time, mixing time, etc.) to the detection of
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Fig. 7.21. Simulated COSY cross peaks originating from a pair of signals dipole-coupled in the presence
of cross relaxation with Curie relaxation and in the absence of scalar coupling. The two degenerate
components are in antiphase, but they do not cancel out due to their different linewidths. Note that
absorption mode phasing (A) and dispersion mode phasing (B) show opposite patterns with respect to
the case of scalar coupling (Figs. 7.15(A) and 7.15(B)).
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connectivities between fast relaxing signals, and those in another 2D plane to the
detection of connectivities with slow relaxing signals. Of course, a clear advantage
only appears when fast relaxing signals are many and severely overlapped with slow
relaxing signals.

An obvious extension to 3D spectroscopy from 2D spectroscopy is the homo-
nuclear NOESY-NOESY [27]. There are two t, variable times and one t,, which
after Fourier transform provide three frequency domains. The 3D NOESY-NOESY
spectrum of met-myoglobin cyanide, which contains low spin iron(III) in a heme
moiety (see Fig. 2.14), has been successfully measured [287]. In Fig. 7.22 a slice of
the 3D spectrum is shown at the 12-CHj; height. On the diagonal it shows all the
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Fig. 7.22. Cross-section of the 600 MHz 3D NOESY-NOESY spectrum of met-myoglobin cyanide. The
slice is taken at the 12-CHj; height. The inset shows the simulated cross-section involving the 12-CH,,
13-Ho and 13-Ho' signals [28]7.



Chapter 7/Coordination Chemistry Reviews 150 (1996) 185-220 217

dipolar connectivities between 12-CH; and other protons; off-diagonal there are
dipolar connectivities within the latter set of protons, all belonging to the porphy-
rin ring.

Results similar to those shown in the slice of Fig. 7.22 can be obtained with the
so-called NOE-NOESY sequence [297]. Here a hyperfine shifted signal, e.g. 12-CHj;
of the above compound, is selectively saturated, and then the NOESY pulse sequence
is applied. The NOESY difference spectrum obtained by subtracting a NOESY
spectrum without presaturation of the 12-CHj; signal is shown in Fig. 7.23. Here,
some more cross peaks are evident with respect to the 3D NOESY-NOESY experi-
ment because secondary NOEs develop much more when the primary NOEs from
the 12-CHj signal evolve in a steady state experiment like the NOE-NOESY rather
than in a transient-type experiment like the NOESY-NOESY. In Fig. 7.23, dipolar
connectivity patterns are apparent among protons belonging to Phe-33 (2) Phe-43
(1, 6, 7, 8), Phe-46 (3) and propionate 13 (9, 10). Some of these assignments could
only be performed by exploiting the NOE-NOESY experiment.

Other variants are NOE-COSY and NOE-TOCSY. However, these experiments
are much less sensitive than NOE-NOESY.

Sometimes it may be useful to suppress signals with long relaxation times in such
a way as to detect cross peaks involving one fast relaxing signal under the envelope
of diamagnetic signals. In this case a SuperWEFT sequence (180-1-90-AQ, see
Section 9.1.2) is applied before performing the 2D experiment. By appropriately
choosing the t value, the diamagnetic signals can be brought to have intensities close
to zero.

In principle, all the combinations of homonuclear 2D spectroscopies can
be performed to originate a 3D spectrum (COSY-COSY, NOESY-COSY,
NOESY-TOCSY, etc.). The considerations made in this chapter for the most basic
experiments can be easily extended to their combinations. The general guideline
should always be that the more complex the pulse sequence is, the more the experi-
mental sensitivity will suffer from fast nuclear relaxation.

The most useful advantage of 3D spectroscopy, however, is that heteronuclei can
be included along one dimension. If one of the two 2D sequences is a Hetcor
sequence, then simultaneous heteronucleus—proton connectivities can be observed.
In the case of macromolecules, where there are solubility problems, heteronuclear
enrichment is probably required?.

7.10. Towards the solution of tridimensional structures in solution

NOEs or NOESY cross peaks can be used to define distances between protons.
When appropriate, the hyperfine shifts may also contain information on the

! Note added in proof. Sophisticated Hetcor spectroscopies, of the type of those used in diamagnetic
systems, have been recently performed with success on a paramagnetic protein containing the [Fe,S,]**
polymetallic center (1. Bertini, M.M.J. Couture, A. Donaire, L.D. Eltis, I.C. Felli, C. Luchinat, M. Piccioli
and A. Rosato, Eur. J. Biochem,, in press).
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Fig. 7.23. NOESY spectrum (A) and NOE-NOESY spectrum (B) of met-myoglobin cyanide [29]. The

latter spectrum is obtained by pre-irradiation of the 12-CH, signal.

metal-donor-C-H or C-C dihedral angles as discussed in Section 2.4. Organic
chemists know well that the three-bond scalar coupling constants 3J,; between nuclei

I and J obey a relationship of the type [30]

3 ;=acos*0+bcosb+c (7.5)

where 0 is the I-X-Y-J dihedral angle. When I and J are protons, the problem



Chapter 7/Coordination Chemistry Reviews 150 (1996) 185-220 219

arises of detecting splitting or COSY cross peak components in the case of hyperfine
broadened signals. Some sequences known as E. COSY [31] or ZQ/DQ-COSY are
designed to detect small J;; values where three or more atoms separate two protons,
or a proton and a heteronucleus. At this moment the limits of these techniques in
paramagnetic molecules are being tested.

The problem is now that of having enough structural information, i.e. experimental
structural constraints, to provide an accurate structural model. In proteins, the
folding permits the detection of a number of NOEs such that the solution structure
can be achieved [32,33]. With the advancement of theory and practice, the solution
structure of paramagnetic metalloproteins can be achieved if the electronic relaxation
times are favorable [34-37]. In this case, to the usual NOE and 3J constraints,
those contained in the hyperfine coupling can be added, i.e. the pseudocontact shifts
which are dipolar in nature [38] and T{;; when the dipolar contribution is dominant
[39]. It is possible that in small coordination compounds where the number of
NOE:s is necessarily small, the combination of the various constraints provides a
reasonably well-defined average structure in solution. This route has not been pur-
sued much in the literature. Less dramatic than in small coordination compounds,
but quite serious, is the problem of DNA/RNA fragments. Early successes were
obtained with mononucleotides [40,41]. In oligonucleotides, the signal overlap is
severe and the folding is such that the number of NOEs is small. Many J values are
needed, which can be obtained only by using fully isotope-labeled samples [42]. If
a binding site were available for a paramagnetic metal ion, the induced pseudocontact
shifts and nuclear relaxation enhancements could be of significant help.
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