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a b s t r a c t

Based on Ernst-angle-type excitation and Acceleration by Sharing Adjacent Polarization (ASAP), a fast
HSQC–TOCSY experiment is introduced. In the approach, the DIPSI–2 isotropic mixing period of the
ASAP–HSQC is simply shifted, which provides a TOCSY period without additional application of rf-
energy. The ASAP-HSQC-TOCSY allows the acquisition of a conventional 2D in about 30 s. Alternatively,
it allows the acquisition of highly carbon-resolved spectra (several Hz digital resolution) on the order
of minutes. An ASAP-HSQC-TOCSY-IPAP variant, finally, allows the sign-sensitive extraction of heteronu-
clear long-range coupling constants from a pair of highly resolved spectra in less than an hour. Pulse
sequences, several example spectra, and a discussion of results are given.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

In liquid state NMR the two-dimensional HSQC-TOCSY [1–4] is
a well-known experiment for the identification of spin systems. It
is widely used for the analysis of constituents of either a single
pure compound [5–7] or complex mixtures of molecules [8–11].
When required, it can be extended to a 3D experiment with an
additional proton dimension to allow, e.g., the assignment of
amino acid spin systems in peptides or proteins [12,13]. In modi-
fied versions, it is also used for the sign-sensitive measurement
of heteronuclear long-range coupling constants [14–21].

The experiment is based on an HSQC sequence followed by a
TOCSY mixing period such that the exceptional resolution of the
heteronucleus (usually 13C) in the indirect dimension is combined
with the propagation of magnetization via nJHH couplings through-
out the spin system. Due to the grid of correlations, it is easy to
identify the different spin systems and properly assign individual
signals especially in cases with significant spectral overlap. As
such, it is e.g. commonly used for the characterization of mono-
meric units of oligosaccharides. One of the most successful ways
of measuring long-range coupling constants, on the other hand,
involves the combination of the conventional inphase-detected
(IP) experiment with an antiphase-detected (AP) experiment,
which allows the separation of a and b components of multiplets
[17,18,22–25].

However, to make full use of the heteronuclear resolution of an
HSQC-TOCSY, a relatively large number of increments has to be
recorded for the indirect dimension, leading to relatively long
experiment times. As such, the combination of an HSQC-TOCSY
with rapid acquisition approaches is highly desirable. Here, we
combine the HSQC-TOCSY with the ASAP approach, which is par-
ticularly fruitful, as the TOCSY period can be simultaneously used
for spread of acquired coherences as well as for spread of reservoir
polarization. Corresponding pulse sequences for ASAP-HSQC-
TOCSY variants for inphase and antiphase detection are introduced
as well as several proof of principle examples regarding fast and/or
highly resolved spin system analyses in a two-component mixture,
a tetra saccharide, as well as sign-sensitive coupling measurement
on a disaccharide, respectively.
2. Theory

For small molecules at natural abundance in particular two
types of approaches lead to rapid acquisition of heteronuclear cor-
relation experiments without significant loss in sensitivity, the
ASAP [26–29] and the ALSOFAST [27,29–31] approach. Both meth-
ods enable fast repetition due to Ernst-angle-type excitation and
the ASAP approach in addition uses isotropic mixing in between
scans for a faster build-up of polarization. As such, the ASAP-
HMQC [26] and ASAP-HSQC [27] sequences both contain already
all elements of an HMQC/HSQC-TOCSY sequence. Hence proceed-
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ing from the improved symmetrized version of the ASAP-HSQC
recently published [29], development of the ASAP-HSQC-TOCSY
sequence shown in Fig. 1A was straightforward. As already known
from the published ASAP sequences [26–29] the essential feature
of the approach is the selective excitation of all 13C-bound protons,
while storing all unused magnetization from active and passive
protons along z. In the classical ASAP experiments this reservoir
of spin polarization is distributed over all protons via a homonu-
clear mixing period after acquisition and directly before the follow-
ing scan. For the ASAP-HSQC-TOCSY the mixing period is shifted
before the acquisition of the FID, assuring the magnetization trans-
fer through the whole spin system via JHH couplings. If the right
multiple pulse sequence is chosen for the isotropic mixing period,
both the transfer of coherences as well as the transfer of reservoir
polarization can be achieved. While classical isotropic mixing
sequences like MLEV-16 [32,33], MLEV-17 [34], FLOPSY [35], or
MOCCA-XY16 [36–38] fail to produce corresponding isotropic mix-
ing conditions for Ix and Iz simultaneously, DIPSI-2 is well-known
for achieving remarkable bandwidths for isotropic mixing condi-
tions along all axes [39,40]. As a consequence, both desired trans-
fers can be achieved straightforwardly and spreading of
magnetization for spin system detection as well as fast build-up
of polarization will allow the acquisition of ASAP-HSQC-TOCSY
experiments with no additional rf-energy applied.

For the ASAP-HSQC version chosen for the construction of the
ASAP-HSQC-TOCSY experiment (Fig. 1), the echo/antiecho-
encoding is achieved by a pair of gradients of equal sign and
strength. Flanking the t1 incrementation period, the two gradients
Fig. 1. ASAP-HSQC-TOCSY(-IPAP) pulse sequences: decoupled ASAP-HSQC-TOCSY
(A), coupled inphase (IP, B), and anti-phase experiment (AP, C). Pulse phases are x
unless indicated otherwise. Vertical lines represent 90� hard, black boxes represent
90� broadband pulses. Wide unfilled rectangles correspond to 180� broadband
pulses. Where possible, pulse sequences were implemented using broadband
excitation/time-reversed excitation/inversion pulses from the BEBOP/BIBOP family
[42–46,48] and universal rotation pulses from the BURBOP family [50,52,53] as
depicted in the legend and described in the experimental section. Usually, only a
single scan is acquired but phase cycling can be implemented by /1 = 2(x), 2(�x);
/2 = x, �x; /3 = x. IP and AP spectra are phase shifted by 90� therefore /rec = x, �x,
�x, x (A) and /rec = y, �y, �y, y (B) are used. TPPI [56] was achieved by
simultaneous inversion of phases /2 and /3. The delay D = 1/(4∙1JCH) is typically
set to an average coupling constant of 145 Hz. The delay D0 = 1/(4∙210 Hz) is
recommended as an initial guess for standard sample, but D0 can be optimized
individually for every sample as an Ernst angle equivalent [41]. The rectangle with
the insert Mix indicates an isotropic mixing sequence which was implemented
using the DIPSI-2 sequence [39], GARP [57] was used for decoupling. Gradients
flanking the mixing sequence were set to G2 = 33% of the maximum gradient
strength (50.7 G/cm). For the decoupled and the IP sequence, echo/antiecho
coherence order selection was achieved by gradient scheme G1 = (40%, �40%),
G3 = (20.1%, 20.1%) while for the AP sequence, G1 = (40%, 40%), G3 = (20.1%, �20.1%)
was used. Typical gradient durations are 1 ms for all gradient pulses with the delay
d balancing the length of gradient-free periods for symmetry.
produce a gradient echo for proton magnetization, thereby retain-
ing transverse reservoir magnetization, as the following 90�y pulse
on protons flips unused magnetization back along the z-axis. For
Ernst-angle [41] type excitation the delay D0 can be adjusted for
the specific sample for optimal results as reported for the
ALSOFAST-HMQC [30]. In most cases D0 = 1/(4∙210 Hz) is close
enough to the correct Ernst angle for maximum intensity. Finally,
the DIPSI-2 mixing period is applied prior to echo/antiecho-
decoding and acquisition. As reported for the already published
ASAP-HSQC-sequences [27–29] best possible robustness of the
sequences is achieved if broadband shaped pulses, e.g. optimal
control-derived point-to-point [42–49] and universal rotation
[50–55] pulses, are used (for details of pulses see experimental
section).

The ASAP-HSQC-TOCSY sequence has been slightly modified for
its use in the ASAP-HSQC-TOCSY-IPAP experiment. Fig. 1B and C
show the two pulse sequences for the IP and AP subspectra. The
IP-sequence equals the ASAP-HSQC-TOCSY without application of
heteronuclear decoupling but with an additional carbon 90� pulse
before acquisition, which converts eventually occurring dispersive
antiphase contributions into non-detectable multi-quantum terms
following the CLIP-approach [58,59]. The AP-sequence contains the
same building blocks to assure that the two sequences are of iden-
tical length, which is crucial when the two spectra are combined to
be able to extract nJCH-coupling constants. In the AP-sequence the
last 180� pulse of the back-transfer on the carbon channel is omit-
ted, while the 180� pulse on protons is still applied, resulting in
effective heteronuclear decoupling. The 1H,13C-antiphase magneti-
zation on protons is conserved. The CLIP-pulse on the carbon chan-
nel is not applied, as it would destroy the antiphase magnetization.
3. Results and discussion

3.1. Proof of principle

As an initial proof of principle, the ASAP-HSQC-TOCSY pulse
sequence was applied to a 500 mM menthol sample dissolved in
CDCl3. With a minimal delay between scans of only 1 ms and
acquisition times of 152.4 ms and 4.2 ms, the 128-increment
ASAP-HSQC-TOCSY could be recorded in only 30 s overall experi-
ment time. The corresponding 1H,13C-correlation spectrum is dis-
played in Fig. 2A with the corresponding coupling pattern.
Signals arising from directly coupled proton-carbon spin pairs,
the classical HSQC correlations, are indicated with red circles.
Clearly all desired correlations within the ring and the isopropyl
group are visible.

In Fig. 2B then the application of the pulse sequence to a mix-
ture of 300 mM menthol and norcamphor dissolved in CDCl3 is
shown. Again, the fast pulse sequence allowed the acquisition of
an HSQC-TOCSY spectrum in 30 s. The two different spin systems
could be easily identified. Blue lines in Fig. 2B indicate signals of
norcamphor, whereas red dotted lines indicate correlations of
menthol. It should be noted that the contour levels of the resulting
HSQC-TOCSY spectra were chosen to also display correlations with
low signal intensities. In doing so, also undesired F1 ridges appear
for intense methyl groups, which, however, do not impair the qual-
ity of the spectrum.

To show the efficiency of the ASAP method, the new experiment
was compared to a state-of-the-art HSQC-SI-TOCSY. Fig. 3A shows
the increased signal intensity of the ASAP-HSQC-TOCSY (black)
over the conventional experiment (red) at short repetition times,
while the two experiments are roughly equal with longer repeti-
tion times (B). Consequently, in the full spectrum shown in
Fig. 3C, some correlations are only present in the ASAP-HSQC-
TOCSY.
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Fig. 2. HSQC-TOCSY spectra recorded with the ASAP-HSQC-TOCSY pulse sequence
of Fig. 1A. (A) Spectrum of a 500 mM menthol sample in CDCl3, (B) spectrum of a
300 mM mixture of menthol and norcamphor in CDCl3, and (C) spectrum of the
same mixture at 50 mM. For all spectra, 612 � 128 (t2, t1) real data points were
recorded with 150 ms (t2) and 4.2 ms (t1) acquisition time, respectively. The
experiments were acquired with 1 scan (A, B) or 2 scans (C) per t1 increment and 16
dummy scans in 30 s (A, B) or 57 s (C) and processed using linear prediction as well
as zero filling with twice the time domain points in both dimensions. In A and B,
signals originating from 1JCH coupled spin pairs are marked by circles. To connect
signals, blue lines show correlations of norcamphor, red dotted lines indicate
correlations of menthol. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of intensity and saturation of ASAP-HSQC-TOCSY (black) and
conventional HSQC-SI-TOCSY (red), acquired on a 300 mM menthol/norcamphor
mixture in CDCl3. (A) F2 traces of experiments with srec = 150 ms (srec = acquisition
time + delay dr) extracted at d(13C) = 24.4 ppm. (B) F2 traces of experiments with
srec = 2 s at d(13C) = 24.4 ppm. Grey bars are included as a guide to the eye to
compare the intensities. (C) Full spectra with srec = 150 ms, 612 � 128 (t2, t1) points
were acquired with 1 scan per increment in 30 s, the grey line marks the origin of
the traces in A. Spectra with srec = 2 s (not shown) were acquired at the same
resolution in 5 min.
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Further reduction of measurement time by the application of
non-uniform sampling like in the ASAP-HSQC case failed in our
hands. The large number of cross peaks along proton resonance
frequencies in this experiment requires a very high sampling
density close to 100%.
3.2. Spin system identification at high resolution

As has been reported previously [27–29], the ASAP approach
can also be used for acquiring spectra with very high resolution
in reasonably short experiment times. An example is shown in
Fig. 4, where the tetra saccharide stachyose has been subject of
spin system identification using the ASAP-HSQC-TOCSY. As with
many oligosaccharides, considerable overlap with chemical shift
differences in the low ppb range in the proton as well as carbon
dimension are observed. Accordingly, spectra have to be acquired
with high resolution especially in the indirect dimension, where
sharp 13C-singlets will have the highest probability to differentiate
individual resonances.

An ASAP-HSQC-TOCSY spectrum has been recorded with
512 � 1024 (t2, t1) real data points and processed using linear pre-
diction and zero filling to 2048 � 4192 real points, leading to a dig-
ital resolution in the indirect dimension of 3.7 Hz – in an overall
measurement time of less than four minutes. Especially the insert
in Fig. 4, with the most heavily crowded region, shows that all res-
onances can be distinguished, even if the closest pair of resonances
with only 3.6 Hz difference partially overlaps.
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Fig. 4. ASAP-HSQC-TOCSY spectrum of a 250 mM stachyose sample in D2O. 512 � 1024 (t2, t1) data points were recorded corresponding to acquisition times of 106.7 ms and
67.9 ms, respectively. The experiment was acquired using 1 scan per t1 increment and 16 dummy scans in altogether 3 min and 25 s. Linear prediction and zero filling with
twice the time domain points in both dimensions was applied to process the spectrum, resulting in a digital resolution in the indirect dimension of 3.7 Hz. As a consequence,
the smallest frequency difference of 3.6 Hz is resolved, although cross peaks at approximately 69.4 ppm partially overlap. The expanded area shows the most critical area. The
patterns of correlation for the four sugars are highlighted with the colour code given next to the structure of stachyose.
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3.3. Determination of long-range couplings

Sign-sensitive measurement using the IPAP principle relies on
spin state selectivity, requiring the acquisition of two different data
sets and combining them to separate a/b multiplet components in
two subspectra [21,25,60,61]. In contrast to a fully coupled spec-
trum, the two combined subspectra contain only one half of the
multiplet, thereby reducing the overall signal overlap. In combina-
tion with a TOCSY mixing period spreading of magnetization
allows to obtain nJCH coupling constants in a sign-sensitive way,
as resulting a or b components can be referenced to the one-
bond signal with positive 1JCH value. As such, the HSQC-TOCSY-
IPAP experiment is capable to measure long-range heteronuclear
coupling constants, which is of particular interest to the structure
determination of small-to-medium-sized organic molecules. In
addition, also long-range residual dipolar couplings in principle
may be determined using partially aligned samples. Needless to
say that the coupling measurement is limited to protonated
X-nuclei; all other couplings have to be measured using a
different experimental approach such as HMBC-type experiments
[25,62–67].

With the ASAP-HSQC-TOCSY-IPAP sequences shown in Fig. 1B
and C a fast approach applicable to the extraction of long-range
couplings is accessible. Using the simple test molecule glucose in
D2O, their power to acquire spectra with high resolution in the
indirect dimension is demonstrated. As for reliable coupling mea-
surements signals must be baseline-separated in the indirect
dimension, a high digital resolution is needed.

Since the IP-sequence consists of two INEPT-type transfer ele-
ments, while the AP-sequence possesses only one such heteronu-
clear transfer step, the IP is more error prone to mismatched
delays than the AP. However, to avoid errors in the coupling
extraction, the relative intensities of IP and AP subspectra can be
corrected by using cross peaks originating from one-bond
correlations. The example considered herein shows a very narrow
distribution of 1JCH-coupling constants and with one exception, IP
and AP spectra were of same intensities and could simply be
added/subtracted, resulting in two subspectra from which the
nJCH-coupling constants could be extracted (Fig. 5C and example
cross peaks with opposite sign in Fig. S2 of the supporting informa-
tion). The only exceptionwas the C5a position, where the difference
of the relative intensity was compensated by scaling to two sub-
spectra to equal intensity of the 1J peaks. Corresponding coupling
constants are summarized in Table 1, where they are also compared
to a conventional HSQC-TOCSY-IPAP [25,61] that was acquired in
over four hours. Extracted couplings generally differ only slightly
within the narrow error margins derived from experiment.

Next to the considerable results and the extraordinary reduc-
tion in measurement time also two potentially occurring artefacts
should be pointed out:

It is well known, that coupling extraction could be hampered by
homonuclear coupling evolution, resulting in dispersive antiphase
contributions. While such distortions can be obvious in the original
spectra, their effect on the calculated sum and difference subspec-
tra can be less obvious but still affecting the coupling determina-
tion. In the spectra acquired with the conventional experiment
[25] such phase distortions are reduced due to the z-filter elements
for zero quantum suppression used around the TOCSY mixing per-
iod [68], which is not possible in the ASAP experiment. In practice,
however, we could not see that the phase-distortions of multiplet
components led to any problems in coupling extraction.

In addition, we encountered two cases (one in the fast ASAP-
HSQC-TOCSY-IPAP, one in the conventional HSQC-TOCSY-IPAP),
where linear prediction caused extrapolation artefacts severely
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affecting the shape of small signals. Coupling determination was
therefore performed on spectra processed without linear predic-
tion for these signals.
4. Experimental

All NMR spectra were recorded on a 600 MHz Bruker Avance III
spectrometer equipped with a 1H,13C,15N-TCI cryogenically cooled
probe head optimized for 1H-detection at a temperature of 300 K.
Spectra were acquired on various model samples: a 500 mM men-
thol/CDCl3 sample, a mixture of 300 mM menthol and 300 mM
norcamphor in CDCl3, a mixture of 50 mM menthol and 50 mM
norcamphor in CDCl3, a 250 mM stachyose/D2O sample, and a
350 mM glucose/D2O sample. All solutes were used at natural-
abundance isotope level.
Filled rectangles on the 1H and 13C channel in Fig. 1 mark a
BEBOP(10 kHz, 20 kHz, 550 ms, ±20%, 1100) [54] (1H) or a BEBOP
(37.5 kHz, 10 kHz, 550 ms, ±5%, 1100) (13C) pulse using the nomen-
clature introduced in Ref. [52]; for simultaneous refocusing on pro-
tons and broadband inversion on carbon coupling-compensated
600 ms BUBI pulse sandwiches for best overall performance were
applied [51,54,55]. The proton pulse of the sandwich is also used
as a BURBOP-180x (10 kHz, 20 kHz, 600 ms, ±20%, 1200) [54] while
the 13C pulse is also used as a BIBOP (37.5 kHz, 10 kHz, 600 ms, ±5%,
1200) pulse [54]. All proton shaped pulses are applied with an rf-
amplitude of 20 kHz, corresponding to a 90� hard pulse of
12.5 ms, carbon shaped pulses with an rf-amplitude of 10 kHz, cor-
responding to a 90� hard pulse of 25 ms. All magnetic field gradient
pulses were z-gradients of 1 ms length, except for the spectra with
high-concentration in Fig. 2A and B, where slightly better results
were achieved with 1.5 ms.



Table 1
Measured long-range couplings of a/b-glucose obtained from a conventional HSQC-
TOCSY-IPAP and the ASAP-HSQC-TOCSY-IPAP spectra displayed in Fig. 5.1

Correlation nJCH
nJCH (conv.) [Hz] nJCH (ASAP) [Hz]

C1a-H2a 2JCH �0.82 ± 0.10 �0.82 ± 0.10
C1a-H3a 3JCH 0.86 ± 0.10 0.85 ± 0.10
C1b-H2 b 2JCH �6.23 ± 0.10 �6.25 ± 0.10
C1b-H3b 3JCH 1.14 ± 0.10 1.18 ± 0.10
C2a-H1a 2JCH �0.94 ± 0.10 �1.09 ± 0.10
C2a-H3a 2JCH �4.30 ± 0.10 �4.26 ± 0.10
C2a-H4a 3JCH 0.90 ± 0.20 —
C2b-H1b 2JCH 0.81 ± 0.10 0.85 ± 0.10
C2b-H3b 2JCH �4.75 ± 0.20 �4.58 ± 0.10
C2b-H4b 3JCH 0.68 ± 0.10 0.70 ± 0.10
C3a-H1a 3JCH 5.37 ± 0.20 5.38 ± 0.10
C3a-H2a 2JCH �4.35 ± 0.20 �4.25 ± 0.10
C3a-H4a 2JCH �4.39 ± 0.30 �4.40 ± 0.10
C3b-H1b 3JCH 0.96 ± 0.20 1.01 ± 0.10
C3b-H2b 2JCH �4.73 ± 0.30 �4.61 ± 0.10
C3b-H4b 2JCH �5.38 ± 0.30 �5.38 ± 0.20
C3b-H5b 3JCH 2.26 ± 0.20 2.37 ± 0.10
C4a-H1a 3JCH �0.62 ± 0.20 �0.58 ± 0.10
C4a-H2a 2JCH 0.76 ± 0.20 0.82 ± 0.10
C4a-H3a 2JCH �4.38 ± 0.10 �4.29 ± 0.20
C4a-H60a 2JCH 0.87 ± 0.20 0.89 ± 0.30
C4b-H1b 4JCH 0.28 ± 0.10 0.44 ± 0.10
C4b-H2b 3JCH 0.79 ± 0.20 1.07 ± 0.10
C4b-H5b 2JCH �3.84 ± 0.20 �3.89 ± 0.10
C4b-H6b 3JCH 2.50 ± 0.10 2.64 ± 0.10
C4b-H60b 3JCH 1.30 ± 0.10 1.30 ± 0.10
C5a-H1a 5JCH 6.54 ± 0.30 6.71 ± 0.10
C5a-H3a 3JCH 0.94 ± 0.20 0.86 ± 0.10
C5a-H4a 2JCH �3.90 ± 0.20 �3.83 ± 0.10
C5a-H6a 2JCH �1.62 ± 0.10 �1.53 ± 0.10
C5a-H60a 2JCH �1.85 ± 0.10 �1.89 ± 0.10
C5b-H1b 5JCH 1.15 ± 0.10 1.30 ± 0.10
C5b-H3b 3JCH 0.92 ± 0.10 1.10 ± 0.10
C5b-H4b 2JCH �4.79 ± 0.10 �4.82 ± 0.10
C5b-H6b 2JCH �1.18 ± 0.10 �1.17 ± 0.10
C5b-H60b 2JCH �2.27 ± 0.10 �2.30 ± 0.10
C6a-H1a 6JCH

*0.14 ± 0.30 �0.09 ± 0.10
C6a-H4a 3JCH 3.59 ± 0.10 3.81 ± 0.20
C6a-H5a 2JCH �1.72 ± 0.40 �1.59 ± 0.10
C6b-H2b 5JCH 0.31 ± 0.10 *0.31 ± 0,20
C6b-H4b 3JCH 3.36 ± 0.10 3.48 ± 0.10
C6b-H5b 2JCH �1.95 ± 0.20 �1.97 ± 0.10

1 Values are compared coupling constants extracted with reference HSQC-
TOCSY-IPAP sequences of Ref. [25]. The procedure of coupling determination is
explained in the supporting information. Values marked with an asterisk were
extracted from spectra processed without linear prediction.
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For Hartmann-Hahn mixing a DIPSI-2 sequence [39] with an rf-
amplitude of 5 kHz was used. The mixing time was 34.53 ms.
ASAP-experiments were acquired using 1 scan per t1 increment
and only 1 ms additional relaxation delay in between subsequent
scans. The delay of the INEPT transfer element D0 was optimized
according to the Ernst-angle [41] approach, as reported originally
for the ALSOFAST-HMQC [30]. For menthol the delay was set
according to D0 = 1/(4J), with the optimized coupling constant of
J = 208 Hz. The optimal value for the mixture of menthol and nor-
camphor turned out to be J = 210 Hz and J = 200 Hz for the two dif-
ferent sugar samples. The conventional HSQC-TOCSY-IP/AP
experiments as described in Ref. [25] were recorded with
2048 � 4096 (t2, t1) real data points, and 0.57 s/0.23 s acquisition
time in 4 h 15 min 8 s. Two scans were acquired per t1 increment
with 1 s additional relaxation delay in between subsequent scans.
The INEPT transfer delay was D = 1/(4 ∙ 145 Hz), the TOCSY mixing
time was 57.5 ms. For 13C, in the conventional HSQC-TOCSY-IPAP
the same shaped pulses as in the ASAP version were used, the
two Thrippleton-Keeler-type z-filter elements were set to 30 ms
and 50 ms length [68].

Heteronuclear decoupling was achieved using GARP [57]. For
the measurement of long-range heteronuclear couplings,
decoupling is omitted during acquisition. For each fast experiment
complex data acquisition in the indirect dimension was obtained
using the echo/antiecho method. For the state-of-the-art HSQC-
SI-TOCSY for the comparison in Fig. 3, the Bruker pulse sequence
HSQCDIETGPSISP was utilized with recommended parameters.
Conventional HSQC-TOCSY spectra recorded to validate the cou-
pling determination were acquired with the States/TPPI [69]
protocol.

Processing was performed using Bruker TopSpin 3.5. Complex
linear forward prediction of time domain data and zero filling to
twice the number of data points in both dimensions was utilized
whenever mentioned in the figure caption. The FIDs were multi-
plied with a p/2-shifted sine-squared window function and Fourier
transformed. An automated baseline correction in both dimensions
was performed and spectra were phased to absorption.

Like in previous works, the high duty cycle of the experiment
has to be considered, which in principle can cause hardware dam-
age. All of the aspects discussed in Ref. [29] are valid for the ASAP-
HSQC-TOCSY with heteronuclear decoupling as well. While we
encountered no problems with a cryogenically cooled probe, the
effect on room temperature probes is difficult to ascertain and
higher dr is recommended. At, e.g., 100 ms ASAP still provides sig-
nificant signal enhancement. Switching to low-power decoupling
methods like adiabatic decoupling is also possible [70–72]. The
IP/AP sequences without heteronuclear decoupling have lower rf
power and pose a smaller risk.
5. Conclusion

We have presented the ASAP-HSQC-TOCSY experiment which
allows the fast acquisition of complete 1H,13C-HSQC-TOCSY spectra
of small molecules at natural abundance in as little as 30 s. It is ele-
gantly based on the ASAP approach by shifting the ASAP mixing
period in front of the acquisition, where it serves simultaneously
for TOCSY transfer and polarization equilibration.

With the experiment, we provide a very fast approach suited for
mixture analyses – more specifically the distinction and identifica-
tion of spin systems. We gave one example of a mixture containing
menthol and norcamphor. For the investigation of a tetra saccha-
ride, high resolution in the indirect dimension was needed. Due
to the fast repetition rate inherent to ASAP-type experiments, a
digital 13C resolution of 3.68 Hz could be achieved in only 3 min
and 25 s. With this resolution it was possible to fully map the cor-
relation pattern of the four sugars even though there were very
similar chemical shifts with partially overlapping signals. With this
high resolution it was even possible to identify all resonances of
the two galactose monomers that only differ in their glycosidic
linkage neighbors.

The ASAP-HSQC-TOCSY experiment has further been modified
to give the ASAP-HSQC-TOCSY-IPAP experiments that are suitable
for fast measurement of long-range proton-carbon couplings in
small molecules providing the sign with reference to the large
one-bond proton-carbon coupling and the size of the coupling con-
stants. The experiment time for the acquisition of each data set for
a 350 mM glucose sample in D2O is 50 min and 33 s. Compared to
the ASAP-HSQC-TOCSY experiment the increased overall measure-
ment time is due to the long acquisition time in the direct dimen-
sion, which is needed for the antiphase magnetization to develop
into detectable magnetization components. However, compared
to the experiment time of the conventional approach of 4 h
15 min and 8 s the duration is still drastically reduced.

In summary, the presented ASAP-type HSQC-TOCSY sequences
allow a significant speedup of the well-known correlation
experiment. If the proper mixing sequence is used, the
ASAP-HSQC-TOCSY experiments can be used for spin system
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identification, mixture analysis, and even the sign-sensitive mea-
surement of coupling constants as its conventional counterpart.
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