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Molecular Structure from a Single NMR Supersequence  
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A new NOAH supersequence (NMR by Ordered Acquisition using 
1
H-detection) is introduced that allows fast structure elucidation 

of organic molecules from a single measurement. The application 

of the proposed NOAH-3 BSC experiment, which combines two 

new modules (ZZ-HMBC (B) and ASAP-COSY (C)) with multiplicity-

edited HSQC (S), is exemplified here through its use in computer-

assisted structure elucidation. 

The use of optimized approaches for the time-efficient 

collection of NMR data plays an increasingly important role in 

the routine characterization of molecular structures. These 

may include the use of higher sensitivity cryogenic probes,
1
 or 

modified approaches to data collection,
2
 and may come to 

exploit more recent developments in instrument design, such 

as parallel acquisition using multiple receivers.
3, 4

 It has been 

demonstrated that the structure of small organic molecules 

can be established from a single NMR measurement called 

PANACEA,
5, 6

 (akin to single measurement procedures such as 

X-ray crystallography). However, the PANACEA experiment is 

based on the 
13

C-
13

C INADEQUATE pulse sequence that 

requires high sample concentration and/or long acquisition 

times.
7-9

 Recently, we described a new class of NMR 

experiments, the NOAH (NMR by Ordered Acquisition using 
1
H-

detection) supersequences, that are based on 
1
H detection 

and allow recording of several two-dimensional (2D) spectra 

with high sensitivity in a single measurement using 

conventional hardware.
10

 These NMR supersequences (i.e. 

nested sequences of pulse sequences, extending the original 

COSY-NOESY combination
11, 12

) offer significant time savings as 

compared to the conventional way of recording NMR spectra 

due to the fact that several NMR experiments are recorded 

whilst employing only a single recovery period. They may be 

distinguished from time-shared experiments
13, 14

 which collect 

similar types of spectra in parallel for different nuclei, typically 
13

C and 
15

N.  Here we describe new NMR supersequences 

(NOAH-3 BSC and NOAH-4 BSCN) that are specifically designed 

to allow elucidation of molecular structure from a single 

measurement in diluted spin systems, typically organic 

molecules at natural isotopic abundance. We also introduce 

two new NMR experiments and NOAH modules, the ASAP-

COSY and ZZ-HMBC. In addition to the significant time savings 

provided by the NOAH approach, recording the required 

spectra in a single measurement benefits also from the fact 

that all the spectra are recorded under identical conditions 

and in an identical experimental environment, which may 

prove especially beneficial when used in automated, 

computer-assisted structure elucidation (CASE) protocols.
15-17

 

In the vast majority of cases the structures of small organic 

molecules can be established from three basic 2D NMR 

experiments
18-21

 – HSQC,
22

 HMBC
23

 and COSY.
24

 Usually, these 

spectra are recorded as separate experiments that start with 

recovery delay, d1, which is by far the longest event in such 

experiments. These spectra can be obtained significantly faster 

by combining these experiments into a single NOAH NMR 

supersequence that requires only one recovery delay, d1, thus 

offering significant time savings over the conventional 

approach. The NOAH supersequences are constructed by 

linking individual, specially adapted NMR sequences (NOAH 

modules) according to the domino principle – the tailored 

output of one module serves as an input of the following 

module (Figure 1).
10

 For instance, the HSQC, HMBC and COSY 

modules can be linked into a NOAH-3 supersequence called 

SBC (Figure 1a).  

Unfortunately the SBC type supersequences suffer from some 

drawbacks. Most notably, the bulk magnetization, M following 

the HMBC module is left in the XY plane and is subjected to 

transverse relaxation (T2) effects. Generally the T2 relaxation 

can be quite different for individual peaks across the 
1
H 

spectra of molecule(s) of interest. This produces differential 

attenuation of the cross peaks in the 2D COSY spectra. The 

effect is exacerbated in the NOAH-3 SBC experiment and in 

extreme cases may lead to a loss of information (cross-peaks). 
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A less detrimental, but still significant problem is evolution of 

the JHH couplings during the HMBC module which tends to 

enhance long-range H-H correlations seen in COSY.
25

 Finally, 

the JHH evolution during the t1-evolution period in the HMBC 

module tends to widen the multiplet structure in the F1 

domain of the COSY spectra. 

The drawbacks of the NOAH-3 SBC experiment can be 

circumvented by swapping around the HSQC and HMBC 

modules (Figure 1b). Placing the less sensitive HMBC module 

before the HSQC module provides also a better balanced 

experiment. To achieve this we begin the HMBC experiment 

with an ‘external’ (preparatory) ZZ filter designed to store the 

Hz+Cz magnetization of the 
1
JCH coupled protons along the +Z 

axis during most of the HMBC pulse sequence, except for a 

short period of time during the second half of the t1-evolution 

period when this magnetization is aligned with the –Z axis, 

after which it is returned to +Z by an additional proton 

inversion pulse (Figure 2a). Therefore, following the last 

proton 90 degree pulse at the end of the 
1
JCH filter, the bulk 

proton magnetization (including long-range 
n
JCH coupled 

magnetization) is aligned with the X axis while the Hz+Cz 

magnetization due to the one-bond 
1
JCH couplings is aligned 

with the +Z axis. This is followed by the usual long-range 
n
JCH 

(n>1) evolution period, δ, complemented with the 

conventional 
1
JCH filter for enhanced suppression of the one-

bond C-H correlations. We call this module ZZ-HMBC to 

emphasize that the Hz+Cz magnetization due to the one-bond 
1
JCH couplings at the output of the ZZ-HMBC module has been 

preserved (that is, aligned with the +Z axis). The NOAH-2 BS 

supersequence consisting of the ZZ-HMBC (B) and HSQC (S) 

modules is schematically shown in Figure 1b and in full in 

Figure 2a. The sensitivity comparison and the quality of the 2D 

HMBC and 2D HSQC spectra recorded using the NOAH-2 BS 

supersequence are shown in Figure 2b. 

This two-module BS combination forms the basis of the NOAH-

3 BSC experiment. While the bulk magnetization is essentially 

destroyed at the end of the ZZ-HMBC module, some of that 

magnetization recovers during the HMBC acquisition time, t2. 

This partially recovered Mz magnetization is then preserved by 

the HSQC module and recovers further during the HSQC 

acquisition period, t2´. Thus, it can be utilized to record the 2D 

H-H COSY spectrum. Even though the 
1
H magnetization is only 

partially recovered, the observed signal is still by far the 

strongest when compared to that in the HMBC and HSQC 

modules that use only 1% of the total 
1
H magnetization.  

 

 

As noted above, in the NOAH-3 SBC experiment (Figure 1a) the 

intensity of the magnetization used to generate the COSY 

spectrum is influenced by transverse T2 relaxation throughout 

the HMBC module. In the NOAH-3 BSC experiment (Fig. 1c) the 

partially recovered magnetization (Mz) employed for COSY is 

also subject to differences in the relaxation rates of individual 

protons, except in this case it is determined by the longitudinal 

T1 relaxation. In order to reduce the variations in crosspeak 

intensity across the COSY spectrum due to the differential T1 

relaxation, a short spinlock may be applied in analogy with the 

heteronuclear ASAP (Acceleration by Sharing Adjacent 

Polarization) experiments (Figure 3a).
26, 27

 Accordingly, we call 

this module ASAP-COSY. Here we use an adiabatic CA WURST-

2 mixing sequence for spinlock because of its tolerance to the 

Fig. 1 A modular representation of the NOAH supersequences a) NOAH-3 SBC b) NOAH-

2 BS, c) NOAH-3 BSC and d) NOAH-4 BSCN; one letter abbreviations are used for HSQC 

(S), HMBC (B), COSY (C) and NOESY (N) modules. The stored magnetization of the 

preceding module is used as input magneti-zation of the following module and is 

shown above the arrows, the inherited phase, ϕ is shown below the arrows, Mz* 

represents t1-encoded Mz magnetization; partially recovered magnetization is shown in 

parenthesis.

Fig. 2 The NOAH-2 BS experiment for nested acquisition of 2D HMBC and HSQC spectra

where X represents a dilute spin, typically 
13

C, but may also apply to other dilute 

isotopes such as 
15

N, 
29

Si and similar. (a) the pulse sequence showing the ZZ-HMBC (B) 

and HSQC (S) modules; the filled bars denote 90 degree pulses whereas the hollow 

rectangles on 
1
H and X channels denote 180 degree pulses, the dotted rectangle in the 

HSQC module is an optional 180 degree pulse to provide multiplicity edited HSQC 

spectra. (b) the spectra of pamoic acid (inset) in DMSO-d6 recorded with the NOAH-2 

BS supersequence. For these data,  all 
13

C 180 degree pulses are adiabatic CA WURST-

20 pulses; g0 are spoiler gradients of arbitrary intensities, g1 and g2 are coherence 

selection gradients applied with a ratio of 2:1; delays ∆ = 0.25/
1
JCH, ε = 2∆, δ = 0.5/

n
JCH. 

The sign of the g2 gradients is inverted in alternate increments for echo-anti-echo 

encoding; all pulses are applied with phase x unless indicated otherwise; φ1 = x, -x; φ2 = 

x, x, -x, -x; rec = x, -x, -x, x.
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magnetic and RF field inhomogeneities and mis-calibration, 

and due to its clean mixing performance,
28, 29

 but other mixing 

sequences can also be used.  

 

 

This mixing has two important consequences. Firstly, it 

reduces the peak intensity differences due to the variation of 

the T1 relaxation rates leading to more uniform cross-peak 

intensities in the COSY spectra (see discussions in SI and Figure 

S1). Secondly, besides the intensity balancing effect the short 

spinlock period also dramatically reduces the fast pulsing 

artifacts (Figures S2 and S3). This rather surprising effect has 

been observed also in heteronuclear ASAP experiments.
26, 27

  

The ASAP-COSY module is simply appended to the NOAH-2 BS 

experiment to yield the NOAH-3 BSC supersequence as shown 

in detail in Figure 3a. This new supersequence provides high 

quality 2D 
1
H-

13
C HMBC, multiplicity-edited 

1
H-

13
C HSQC and 

1
H-

1
H COSY spectra (see Figures 3b-3d), in a considerably 

shorter period of time (ca 20 min) as compared to the 

conventional way of recording the same spectra (ca 46 min), 

that can be used for routine structure elucidation of small 

organic molecules. Here we provide two such examples 

employing computer-assisted structure elucidation with the 

CMCse software package.
30, 31

 Minor NOAH data preparation 

steps that are required for the CMCse analysis are described in 

the SI, but no changes to the usual workflow for structure 

elucidation were necessary.  

In the first example, the structure of gibberellic acid is solved 

correctly from the NOAH-3 BSC data (Figure 3e). The second 

example (Figure 4) shows the structure of  1,2:3,4-O-

isopropylidene-α-D-galactopyranose determined correctly 

from the spectra recorded using the NOAH-4 BSCN 

supersequence that is obtained by appending the NOESY 

module to the NOAH-3 BSC supersequence (Figures 1d, and 

see SI and Figure S4). The NOESY module provides additional, 

stereospecific spatial information about the orientation of the 

four Me-groups in the molecule that is not available from 

other data e.g. the chemical shifts or 
3
JHH couplings. The 

NOAH-4 BSCN experiment was recorded in just 26 minutes as 

Fig. 3 The NOAH-3 BSC experiment for structure elucidation of small molecules; (a) the 

NOAH-3 BSC supersequence showing the ZZ-HMBC (B), HSQC (S) and ASAP-COSY (C) 

modules; SL represents a short spinlock of 40-60 ms, gradients g3:g4 = 1:1; phase rec´´

= x, -x; for other experimental details see caption to Figure 2; (b)-(d) the NOAH-3 BSC

spectra recorded on a 700 MHz (
1
H) Bruker AVANCE III NMR spectrometer equipped 

with the TCI cryoprobe. The data matrix size was 2k x 1536 data points (512 t1 points 

per module) recorded with one scan per increment, recovery delay d1 = 1.5 s; (b) 2D  
1
H 

COSY, (c) multiplicity-edited 2D 
1
H-

13
C HSQC and (d) 2D 

1
H-

13
C HMBC spectra all 

recorded in the same experiment; The sample is 10 mg of gibberellic acid in 500 ul of 

acetone-d6; (e) the highest ranked structure of the molecule generated by the Bruker 

CMCse structure elucidation software based on spectra (b) – (d). A detailed CMCse

report is provided in the Supporting Information.

Fig. 4 NOAH-4 BSCN spectra recorded at 700 MHz (
1
H) on a Bruker AVANCE III NMR 

spectrometer equipped with the TCI cryoprobe. The data matrix size was 2k x 2k data 

points (512 t1 points per module) recorded with one scan per increment, recovery 

delay d1 = 1.5 s, the pulse sequence and other experimental details are provided in the 

Supporting Information; the sample is 10 mg of  1,2:3,4-O-isopropylidene-α-D-

galactopyranose in 500 µl of DMSO-d6; (a) 2D  overlaid COSY (magnitude, in black) and 

2D NOESY (positive peaks in blue and negative peaks in red) spectra; the positive (blue) 

peaks marked by ‘x’ are due to exchange between the CH2OH group and H2O in the 

sample; the negative (red) NOESY peaks indicating spatial proximity between protons 

in positions 3,6 and 11; 4,5 and 9; 7 and 10 are consistent with the structure of the 

molecule;  (b) multiplicity-edited 2D 
1
H-

13
C HSQC and (c) 2D 

1
H-

13
C HMBC spectra

recorded in the same experiment; (d) the highest ranked  structure of the molecule 

generated by the CMCse software based on spectra (a) – (c).  
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compared to ca 70 minutes required to record the data of 

similar resolution with the conventional pulse sequences.  

To conclude, we have presented two new NOAH 

supersequences optimized for structure elucidation of small 

organic molecules from a single measurement. The new 

supersequences are based on two new NOAH modules – ASAP-

COSY and ZZ-HMBC. These two modules represent new pulse 

sequences that can be used also as standalone experiments. It 

should be noted that the ASAP technique demonstrated here 

for the COSY module may also be applicable to other 

homonuclear 2D modules, such as DQF COSY and NOESY. Most 

importantly, we have demonstrated the practical applications 

of new NOAH experiments for routine and fast structure 

elucidation of molecules at natural isotopic abundance. 
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