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The PANACEA experiment combines three standard NMR pulse sequences (INADEQUATE, HSQC and
HMBC) into a single entity, and is designed for spectrometers with two or more receivers operating in
parallel. For small molecules it offers a direct route to molecular structure. Often the INADEQUATE
feature is the rate-determining step, being limited by the low natural abundance of directly
coupled 13CA13C pairs. This new version, fast-PANACEA, speeds up this measurement by two alternative
schemes. In the first, the individual 13C sites are excited by selective radiofrequency pulses acting on dou-
ble-quantum coherence, and encoded according to the rows of a Hadamard matrix. The columns of this
matrix are used to decode the experimental data into separate F2 spectra. This reduction in the number of
required scans secures a faster result than the conventional stepwise exploration of the evolution dimen-
sion where the Nyquist condition and the resolution requirements must both be satisfied. The second
scheme makes use of multiple aliasing in the evolution dimension. Significant speed improvements are
achieved by either technique, illustrated by measurements made on samples of menthol and cholesterol.
A new stabilization scheme (i-lock) is introduced. This is a software program that corrects the final NMR
frequencies based on the observed frequency of a strong X-spin signal. It replaces the conventional deu-
terium lock, permitting measurements on neat liquids such as peanut oil and silicone oil, and offering
advantages where deuterated solvents are undesirable.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The recent development of NMR spectrometers with multiple
receivers operating in parallel and tuned to different nuclei [1,2]
has made it possible to combine certain standard pulse sequences
(for example INADEQUATE, HSQC, and HMBC) into a single entity,
allowing the structure of a small molecule to be determined in a
single measurement. The duration of this ‘PANACEA’ experiment
(Protons And Nitrogen And Carbon Et Alia) [3,4] is often set by
the intrinsically poor sensitivity of the INADEQUATE feature which
is handicapped by the low probability of finding a pair of directly-
bound 13C spins in natural abundance samples. In many practical
situations this is the rate-determining step.

Several remedies have been suggested for improving the inher-
ent sensitivity of INADEQUATE, ranging from a symmetrisation
algorithm [5], single-spin operators [6], to relaxation agents such
as oxygen dissolved under pressure and augmented by the addi-
tion of artificial blood [7]. The most significant improvement
comes from the introduction of a cryogenically-cooled receiver coil
[8] optimized for 13C detection, which offers up to an order of mag-
nitude gain in sensitivity. This article examines two alternative
ll rights reserved.
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schemes for speeding up PANACEA by shortening the time required
to record the INADEQUATE spectrum. The first method invokes
selective radiofrequency excitation encoded according to the
appropriate Hadamard matrix, and the second approach employs
multiple aliasing in the evolution dimension.
2. Hadamard spectroscopy

Conventionally INADEQUATE spectra are made up of four-line
AX (or occasionally AB) patterns in the acquisition dimension
(F2), spread out and separated in the evolution dimension (F1) as
a function of the relevant double-quantum frequencies. Each pat-
tern is entirely independent of the rest and identifies a direct bond
between two adjacent 13C spins. The Hadamard scheme proposed
here employs a new method of separation, replacing the conven-
tional evolution period with selective excitation of the 13C reso-
nances. One of the parallel outputs of the PANACEA sequence is
the conventional 13C spectrum; this identifies the 13C chemical
shifts, which can then be used to set the frequencies of an array
of soft radiofrequency pulses, one for each individual 13C site.
The phases of these pulses are encoded (0� or 180�) according to
a pattern derived from the rows of the appropriate Hadamard ma-
trix [9–12], typically H4, H8, H12, H16, H20, H24, H28 or H32. The
choice of matrix order N is determined by n, the number of 13C sites
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Fig. 1. Pulse sequence for generation of 13C–13C double-quantum coherence and
subsequent conversion to observable magnetization by means of a set of selective
radiofrequency pulses which replaces the conventional evolution period. The pulses
are encoded (plus or minus) according to the rows of the appropriate Hadamard
matrix.
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in the molecule, where N P n. For example 14 chemical sites
would require encoding with the 16 by 16 Hadamard matrix.

The PANACEA pulse sequence itself has been described in detail
elsewhere [3,4]. The only modification is the new Hadamard-
Fig. 2. Illustration of the reconstruction algorithm for converting the data from the co
represents genuine C–C correlations, whereas the right column (e–g) corresponds to unc
dashed lines indicate source frequencies (where the selective pulses are applied). In (b)
frequencies brought into alignment. The lower-value algorithm acting on (b) retains the
signals. Reversal of the reflection operations (c and g) generates symmetrical patterns t
encoded pulse sequence set out in Fig. 1. This is the standard INAD-
EQUATE experiment except that the double-quantum evolution
period has been replaced by a set of n simultaneous selective
radiofrequency pulses tuned to the pre-recorded 13C chemical shift
frequencies and encoded as indicated above. Once the double-
quantum coherence has been excited, these selective ±90� (Gauss-
ian) pulses convert it back into observable single-quantum coher-
ence. In the product operator representation [13] a selective 90�
radiofrequency pulse (IX) applied to the source 13C site converts
double-quantum coherence into (encoded) antiphase magnetiza-
tion at the target 13C site (the S spins):
2IXSY þ 2IY SX ! 2IXSY þ 2IZSX ð1Þ

The source site is defined by the irradiation frequency that was
used, but the recorded signal is at the target frequency, identifying
the two coupled 13C spins unambiguously. There is negligible sig-
nal from the source site itself. Thus any one column of the Hadam-
ard matrix provides the required C–C correlation information – the
source radiofrequency and the target NMR response. During the
lumns of the Hadamard matrix into a more familiar format. The left column (a–c)
orrelated C–C pairs. All possible combinations of pairs of traces are compared. The
and (f) one trace of each pair has been reflected in frequency and the two source
target signals, establishing a true correlation, but applied to (f) it suppresses these

hat are used to reconstruct the INADEQUATE spectrum in its familiar format (d).
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Fig. 3. The INADEQUATE spectrum of menthol (30% in CDCl3) obtained by
Hadamard spectroscopy. It was recorded in a 500 MHz spectrometer with a cold
probe optimized for 13C detection, as part of a PANACEA experiment with an overall
duration of only 56 s.
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selective Gaussian pulse, J-evolution occurs under the 2IZSZ opera-
tor, and the timing is adjusted to give in-phase magnetization at
the detector:

2IZSX ! SY ð2Þ

At the same time another column detects the reverse transfer,
where an SX pulse excites antiphase magnetization on the I spins:

2IXSY þ 2IY SX ! 2IXSZ þ 2IY SX ð3Þ

During the Gaussian pulse this evolves under the 2IZSZ operator:

2IXSZ ! IY ð4Þ

These manipulations occur in parallel but the results are sepa-
rated by their different encoding patterns. The result is a set of
traces that contain only signals from the target spins. Columns of
the matrix that correspond to correlated 13C spins generate two
traces related by reflection symmetry – the target signal of one
trace is aligned with the source frequency of the other, and vice
versa (Fig. 2a). Conventional processing would generate a DQ-COSY
type spectrum with essentially no diagonal responses, but the
more familiar INADEQUATE format is to be preferred, and it is
implemented by the following algorithm:

1. A Hadamard transform is applied in the F1 dimension.
2. All possible combinations of the outputs of the columns of the

Hadamard matrix are compared in pairs (Fig. 2a or e). If a pair
of traces represents a true correlation, frequency reversal of
one trace and realignment of the two source frequencies (repre-
sented by the dashed lines) brings the two target signals into
exact alignment (Fig. 2b). In contrast, the same operation
applied to a pair of traces from uncorrelated sites causes no
such alignment of target signals (Fig. 2f).

3. The lower-value algorithm [14–16] is then applied to these
pairs of (reflected) traces. The signals are retained for true cor-
relations (Fig. 2b) but suppressed for uncorrelated sites (Fig. 2f).

4. Reversal of the reflection operation generates a symmetrised
trace (Fig 2c or g).

5. These are used to form the familiar INADEQUATE spectrum
(Fig. 2d) arrayed in the F1 dimension according to the corre-
sponding double-quantum frequencies calculated from the
known chemical shifts.

For a Hadamard matrix of order N, a total of N scans must be
performed. The time saving stems from the fact that N can be a
much smaller than the number of required evolution steps in the
conventional mode, determined by the Nyquist sampling condition
and the desired resolution in the F1 dimension. (A very small num-
ber of the available columns may carry no signal, owing to the
slight discrepancy between the order of the matrix N and the num-
ber of different chemical sites n). This is why it is important to
match N to n as closely as possible. The speed gain can be an order
of magnitude or more.

A practical example is illustrated by the INADEQUATE spectrum
of menthol examined as a 30% solution in CDCl3. With ten carbon
sites the highest possible speed advantage would be achieved with
the Hadamard matrix H12. In practice the H16 matrix was employed
because it is almost as fast, and it was found that the power-of-two
Hadamard matrices are more effective in suppressing instrumental
artefacts not encoded by the radiofrequency modulation scheme.
In Fig. 3 responses have been rearranged to match the format
familiar to earlier INADEQUATE experiments, where each four-line
spectrum is centred on a skew diagonal of slope two. All the ex-
pected C–C connectivities are obtained in a measurement lasting
only 56 s.
3. An alternative field/frequency regulation scheme: i-lock

It sometimes happens that the addition of a deuterated solvent
for field/frequency lock is inconvenient or indeed impossible.
Examples include the situation where it is important to avoid deu-
terium exchange with labile protons, or where the high-resolution
deuterium spectrum itself is to be investigated. Note that the con-
ventional deuterium lock, acting on the magnetic field, may some-
times introduce undesirable t1 noise in the recorded spectrum. At
very high magnet fields the molecules of CDCl3 are partially ori-
ented, and the signal may acquire some doublet character, render-
ing it unsuitable as an error signal. Another problem can arise if the
frequency of the lock signal is sensitive to temperature (a particu-
lar difficulty with D2O), since this broadens or shifts the observed
resonances. In order to avoid dilution, some samples are best
examined as neat liquids rather than solutions in a deuterated
solvent.

For such cases we propose an alternative frequency stabiliza-
tion technique called i-lock. The effects of slow drifts of the main
magnetic field are compensated by reference to an accurately
determined frequency of a strong 13C (or X) resonance, measured
by a line-fitting technique. The detected frequency deviations are
then used to introduce compensating shifts of the NMR frequencies
in the observed free induction decays post mortem. Any resonance
with adequate signal-to-noise ratio can be used; indeed a com-
puter routine could be written to choose the strongest isolated res-
onance automatically. This alternative stabilization technique
works well in two-dimensional experiments where the frequency
corrections are applied at each evolution step. Fig. 4a shows the
instabilities in an evolving 13C response when the usual deuterium
lock and temperature regulation have been deliberately disabled.
When the conventional stabilization is replaced by the i-lock de-
vice the same signal becomes rock-steady (Fig. 4b). A practical
application is provided by the PANACEA–HMBC spectrum of 1 M
sucrose in D2O is recorded without deuterium lock or temperature
control. The picture (Fig. 4c) is garbled by instabilities, but with the
new i-lock scheme (Fig. 4d) normality is restored.
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Fig. 4. (a) Instabilities recorded on an evolving 13C signal. The deuterium lock and temperature regulation have been deliberately disabled. (b) The same signal with i-lock. (c)
The garbled PANACEA-HMBC spectrum of 1 M sucrose in D2O with no deuterium lock or temperature regulation. (d) The same spectrum obtained with i-lock. Recorded on a
500 MHz spectrometer with sweep width = 8 kHz with 4 k data points in the direct dimension; sweep width (2) = 10 kHz with 128 evolution increments and four scans per
increment. The second F1F3 plane was recorded with t2 = 18.75 ms.
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Fig. 5. The PANACEA–INADEQUATE spectrum of neat peanut oil recorded on a 500 MHz spectrometer with a cold probe optimized for 13C detection. No deuterated solvent
was added; i-lock was used for radiofrequency stabilization. Signals from the minor component (linoleic acid) are indicated by arrows in the expanded insets. Sweep
width = 25 kHz with 10 k data points; sweep width (1) = 20 kHz; 256 increments in t1 and eight increments in t2, with four scans per increment. Total duration 15.5 h.
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Fig. 6. A PANACEA experiment showing (a) INADEQUATE and (b) multiplicity-edited HSQC spectra of 1 M cholesterol in CDCl3 recorded in parallel in a 23-min measurement.
Three responses in (a) are in fact correlated with signals that lie well outside this spectral window. Red peaks in (b) are negative and belong to CH2 groups; the black peaks
represent CH and CH3 groups. Four-fold aliasing was used to reduce the experimental duration. Sweep width = 20 kHz; sweep width (1) = 5.2 kHz with 4 k data points and
two scans per increment.

Ē. Kupče, R. Freeman / Journal of Magnetic Resonance 206 (2010) 147–153 151
Another practical application shows the PANACEA–INADEQUATE
spectrum (Fig. 5) of neat peanut oil, which comprises oleic acid
(56.6%) and linoleic acid (26.7%) as major components. The C–C cor-
relation patterns of both these molecules are clearly visible and sep-
arable. No deuterated solvent was added and frequency regulation
was achieved with the i-lock scheme based on an intense 13C signal.
This i-lock principle could well prove useful in many other experi-
ments where the use or presence of a deuterated solvent is
undesirable.

4. Multiple aliasing in the evolution dimension

A second way to accelerate a two-dimensional experiment is by
multiple aliasing in the evolution dimension [17]. The term k-fold
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Fig. 7. 29Si-PANACEA spectra of neat silicone oil showing (a) 29Si–O–29Si INADEQUATE correlations recorded with 16-fold aliasing in the double-quantum dimension, and (b)
the HMBC spectrum with eightfold aliasing in the F1 dimension, reducing the total measurement time by a factor of about eight. These measurements employed the i-lock
scheme operating on a strong 29Si resonance. The sweep widths were 2000 Hz (512 complex data points) and 256 Hz (32 complex data points). With a repetition time of 1 s,
two scans per increment, and an acquisition time of 0.256 s, the overall experimental duration was 8 min.

152 Ē. Kupče, R. Freeman / Journal of Magnetic Resonance 206 (2010) 147–153
aliasing is here taken to mean that the spectral width is reduced k-
fold (rather than by k cumulative aliasing operations). For the
HSQC and HMBC elements of PANACEA, aliasing in the F1 dimen-
sion could be optimized ‘on the fly’ under computer control, using
13C information recorded in the first traces. This is not feasible for
the INADEQUATE experiment, but the required separation of the
different F2 spectra is readily achieved, and even exact overlap
can be accommodated without jeopardizing the determination of
the connectivities.

This strategy is illustrated by the INADEQUATE and multiplic-
ity-edited HSQC spectra of 1 M cholesterol in CDCl3 recorded in
parallel on a 500 MHz spectrometer. With four-fold aliasing in
the evolution dimension the ‘compressed’ INADEQUATE spectrum
shown in Fig. 6a is obtained. Although this spectrum has not been
rearranged in the familiar format, there is no uncertainty about the
correlations. The direct 13C–1H correlations (Fig. 6b) were also
determined, along with their multiplicities. The two experiments
ran in parallel and were completed in 23 min.

Not all INADEQUATE experiments need be limited to 13C–13C
correlations. Another example of deliberate aliasing is provided
by the 29Si–O–29Si INADEQUATE spectrum of silicone oil with no
added deuterated solvent, exploiting the i-lock scheme based on
a strong 29Si signal. The 29Si nucleus has a natural abundance of
4.7%, offering a higher intrinsic sensitivity than the corresponding
13C–13C correlation experiment, but handicapped by the smaller
29Si–O–29Si coupling constants (�2 Hz). For this experiment a
new INEPT-PANACEA pulse sequence [18] was employed to im-
prove sensitivity through an initial magnetization transfer from
the protons. In this sample all the 29Si sites are coupled to protons
so there is no danger that the INEPT element will ‘lose’ particular
29Si resonances. Fig. 7 shows 29Si-PANACEA spectra of neat silicone
oil showing (a) 29Si–O–29Si INADEQUATE correlations recorded
with 16-fold aliasing in the double-quantum dimension, and (b)
the HMBC spectrum with eightfold aliasing in the F1 dimension.
The total measurement time was only 8 min.

5. Conclusions

Several of the proposed techniques for speeding up PANACEA by
shortening the duration of the INADEQUATE element can be com-
bined [5–8]. Two alternative schemes described here offer further
significant improvements in speed (particularly the Hadamard
method), rendering PANACEA a more practical solution for structure
determinations of small molecules. For example, the menthol
13C–13C correlation spectrum required only 56 s of instrument time.

Note that because PANACEA delivers several different types of
NMR information during a single run, two innovations outlined
above could be thought of as the first step towards a regime in
which the NMR spectrometer itself makes choices about operating
parameters, based on measurements that it is currently recording.
One example describes the establishment of an array of soft radio-
frequency pulses based on chemical shifts derived from the one-
dimensional 13C spectrum. The new i-lock scheme for compensat-
ing drifts of the magnet field is another example of the use of real-
time measurements to control NMR results. More sophisticated
applications can be imagined. If generalized, this concept could
prove a popular mode of operation where unsupervised NMR
investigations are carried out based on artificial intelligence. A ma-
chine that thinks for itself?
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[12] E. Kupče, T. Nishida, R. Freeman, Hadamard NMR spectroscopy, Prog. NMR
Spectrosc. 42 (2003) 95–122.

[13] O.W. S£rensen, G.W. Eich, M.H. Levitt, G. Bodenhausen, R.R. Ernst, Prog. NMR
Spectrosc. 16 (1983) 163.

[14] R. Baumann, G. Wider, R.R. Enst, K. Wüthrich, Improvement of 2D NOE and 2D
correlated spectra by symmetrisation, J. Magn. Reson. 44 (1981) 402.

[15] L. McIntyre, X.-L. Wu, R. Freeman, Fine structure of cross-peaks in truncated
COSY experiments, J. Magn. Reson. 87 (1990) 194–201.
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