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NMR pulse sequences visualizing LJcc and "Jc bond connectivity
via an intermediate state of *C-'3C double-quantum coherence
and H detection are an indispensable tool to solve small-molecule
structures at the natural abundance level of 3C. A longstanding
issue with these experiments set up to display 2D spectra with
single-quantum frequencies is that in addition to the *H-3C-"*C
correlations of interest, appearance of HSQC-type artifacts can
complicate analysis and obscure Jcc connectivities. The origin of
these artifacts is described and remedies for their suppression are
introduced. They include refocusing of LJcn couplings prior to
creation of *C-13C double-quantum coherence, which is known
to enhance sensitivity by reducing loss into zero-quantum coher-
ence for pairs of two protonated 3C.

When conventional homonuclear and heteronuclear NMR
experiments relying on molecules with a single **C spin fail to
provide an unambiguous structural solution in small-molecule
NMR, the experiments of last resort typically rely on molecules
with two mutually coupled **C spins.' Besides the rare natural
abundance of two coupled '*C spins (0.012%), the desired
signals of 'H-">C-"*C moieties can easily be obscured by a
background of signals two and four orders of magnitude larger
from "H-"*C-"*C and "H-">C-"?C isotopomers, respectively.

Fortunately, application of pulsed field gradients effecting
double-quantum (DQ) filtration and phase cycles selecting
coherence transfer pathways involving ">C-"*C DQ coherence
yield spectra almost exclusively from the doubly "*C-labeled
molecules suppressing the much larger undesired signals.””®
This category of techniques was introduced as proton-detected
INADEQUATE (PDI) experiments with reference to the corres-
ponding experiment with *C detection.’
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Origin and remedy for HSQC artifacts in
proton-detected INADEQUATE spectrat

*b

The most popular PDI pulse sequences currently in use are
based on the 1996 reports by Reif and coworkers.®” This family
of experiments given the truncated acronym of ADEQUATE was
comprised of 1,1-, 1,n-, n,1-, and n,n-ADEQUATE. A report
published in the same time period demonstrated how refocus-
ing of YJcy couplings prior to creation of **C-"*C DQ-coherence
using INEPT or DEPT can enhance sensitivity and provided
optimum settings for the different pairs of **C multiplicities.®?

Historically, NMR spectroscopists prefer the more familiar
3¢ single-quantum (SQ) over DQ frequencies in the indirect
dimension which led Reif et al. to design a pulse sequence with
a module that results in one of the *C SQ frequencies being
subtracted from the *C-'*C DQ frequency, thus leading to
correlations at the *C frequency of the complementary spin in
the pair.® When that >C spin is remote relative to the detected
"H spin, the peak represents a correlation of interest. On the
other hand, if the '*C spin is attached to the detected 'H spin,
the response represents an undesired HSQC-type correlation.

These contributions were apparently not expected to make it
through to detection because of the antiphase character with
respect to the remote proton prior to back-transfer from '*C to
'H magnetization and **C decoupling during the "H-detected
FID. However, whilst that holds true for a simple INEPT back-
transfer, it generally does not for the usual more elaborate
coherence-order-selective (COS) back-transfer.

Importantly, both the PDI correlations of interest and the
undesired artifacts originate from molecules with two coupled
13C spins. Neither gradients nor phase cycles can suppress the
artifacts because they pass through the same window of coher-
ence transfer pathways for the desired signals.

A recent paper™ has observed that refocusing of “Jcy; antiphase
structure prior to DQ creation yields some suppression of HSQC
artifacts and that these artifacts are largely absent for correlations
based on long-range Joc couplings. The current Communication
fully accounts for the origin and features of the HSQC artifacts
and presents a remedy for their enhanced suppression.

In the family of PDI-1 experiments outlined in Fig. 1, there
are two evolution periods. (The “1” in PDI-1 indicates
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Fig. 1 PDI-1 NMR pulse sequences in condensed form referred to as (A), (B) and (C) for the three versions: (A) The one described by Reif et al. where the dashed
pulses are excluded and ' = 0. (B) Refocused version with the dashed = pulse and the ’ delays included leading to some suppression of HSQC-type correlations.
(C) Further refined pulse sequence for suppression of HSQC-type artifacts with both dashed pulses and the 7’ delays included. = = 0.5/(Jcp), 1c &~ 0.5(2k +1)/
(Jcc) where k is an integer, and the delay d set according to *C multiplicity but in practice most often d = /2 and t set according to the average *Jcy in the
methine groups. Optimization for methylene or methyl groups requires shorter =’ delays.® The setting 7/ = 7 in (B) and (C) results in double sensitivity for
methine—methine pairs. Phase cycles and gradient ratios can be as described in ref. 6. The three versions of PDI-1 are outlined separately in Fig. S1 (ESIT).

polarization transfer from 'H to *C via “Jcu.) In the first, DQ
coherence (at + or — the sum of the chemical shifts of the two *C
spins involved) is present, and in the second, SQ coherence of
opposite sign for one of the *C spins is selected. The chemical
shift of the active spin during the second evolution period is
the one subtracted from the DQ frequency. What remains is the
chemical shift frequency of the complementary *C spin in the
BC-'3C pair. The subsequent back-transfer conveys magnetiza-
tion of the active **C spin to its attached proton(s), from where the
magnetization originated, for detection. The result is a 2D spec-
trum in the familiar format of **C and "H SQ frequencies in the F;
and F, dimensions, respectively, and from the viewpoint of the
protons showing correlation peaks to carbons two or more bonds
away. Unfortunately, there is also a route in the back-transfer from
the complementary **C spin to the attached proton(s) of the **C
partner spin made possible by the heteronuclear COS module that
thus has the side effect of allowing undesired HSQC artifact
contributions to pass through.

Another peculiarity observed in PDI-1 spectra over the years
is that the protons with a resolved Jyy, as e.g. a vicinal coupling
in neighboring '*C-">C methine pairs, appear with an
enhanced doublet splitting in the PDI peaks compared to a
regular HSQC spectrum whilst the corresponding HSQC arti-
facts show the opposite effect of a “blurred” or unresolved
doublet. These anomalies also arise from the route opened for
HSQC artifacts by the COS back-transfer module.

A product operator analysis'’™"® of the antiecho pathway
starting at the 27/3 pulse in the pulse sequence of Fig. 1A for a
methine-methine spin system (;,5;-1,S, with 7 and S representing
'H and "*C, respectively) can be found in ESL The result detected
on the 'H spin I; applicable for both echo and antiecho can be
expressed as the following.

PDI peaks:

] 1
{%If sin(nJccte) + 5211’12; cos(nJccrc)}(l + cos(nJcc2d))
1)

Phys. Chem. Chem. Phys.

HSQC peaks:
] 1
{—%If COS(TE.Icc‘Ec) + 52[{5; Sin(nfccfc)} sin(rchc2d) (2)

or split up in the two "H doublet components:
{rllgeinjccrc _ Fllgefinjccrc}(l + COS(TE]CCZd)) (1/)
—{I; ™o + I e e Ysin(njcc2d) 29

In product operator terminology, I; represents inphase
doublet magnetization and 2I; I,, represents the doublet mag-
netization in antiphase with respect to the coupling to the I,
spin. [ I; and I B represent magnetization of the I; doublet
component with the I, spin in the o and f state, respectively.

The product operator analysis in ESI{ provides the pertinent
full story, but key features can be observed in the expressions
above.

e Even when no J¢ refocusing takes place in the 7. delay (i.e.
Joctc=km, k=0,1,2,...) after the 2rt/3 pulse and the dominant
inphase term, I, vanishes for the PDI peaks there will be a full
intensity PDI peak arising through the alternate coherence trans-
fer route leading to the antiphase term 21 I,,. For such a setting
the HSQC peaks come through as inphase magnetization.

e The factor sin(njcc2d) for the HSQC artifacts is indicative
of a refocusing of a product operator antiphase with respect to
Jcc during the delay 2d. Since that delay is tuned according to
Yoy it follows that HSQC artifacts are a phenomenon asso-
ciated exclusively with neighboring '*C spins sharing a YJ¢c.
Contributions from different neighboring **C spins co-add in
the spectrum.

e The factor i on terms in the expressions indicates a /2
phase shift relative to terms without that factor.

e For a perfectly matched delay 7 = 0.5/Jcc the PDI doublets
are in-phase and the HSQC artifact doublets are antiphase and
in dispersion if the PDI doublets are phased to absorption.

e For a mismatched delay 7¢, both the PDI and the HSQC
artifact doublets are a superposition of an inphase term and a
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“triplet” (arising from the dispersive antiphase doublet struc-
ture) with inverted outer lines. If the central part of the “triplet”
points in opposite direction to the in-phase doublet, it causes a
dip in the middle of the doublet that appears with enhanced
resolution. On the other hand, if the central part of the “triplet”
points in the same direction as the in-phase doublet, it fills the
space between the two doublet components and thus blurs the
splitting.

e For methine-quaternary "*C-">C pairs, the antiphase
product operator in expression (1) is absent, so there is no
HSQC artifact in such spin systems in case of a perfectly
matched delay 7¢ = 0.5/Jcc.

e A setting of 1¢c = k/Jcc, k=0, 1, 2,.. ., in the second ¢ delay
(keeping ¢ = 0.5/Jcc in the first) will suppress all PDI peaks
without a resolved Ji;; between the protons attached to the two
13C spins and retain full intensity HSQC peaks.

Below is shown a pictorial representation of expressions (1)

and (2) where the term %I{ by proper phase correction is a

1
positive doublet in absorption whilst 521{ I, is an antiphase

doublet in dispersion. Such an antiphase doublet in dispersion
looks like a “triplet” with two negative outer lines and a
positive central component resulting from overlap of the two
oppositely oriented dispersive lineshapes. Depending on the
size of Juu, the central component of these “triplets” can show
a splitting.

PDI peaks: sin(n)cctc) X M + cos(m)ccte) X ‘A
HSQC peaks: —cos(JccTc) X M + sin(m)ccte) X *A’

The features of expressions (1) and (2) are demonstrated in
Fig. 2 using the C5H5-C6H6 spin system in hymecromone. The
peakshapes and phases of the HSQC and PDI responses are in
accordance with the product operator analysis and scheme
above for the four Jcc evolution angles chosen in Fig. 2A-D,
though minor strong coupling distortions are visible.

The product operator analysis describes how the HSQC
artifacts arise and with that insight it is possible to design
remedies to suppress them. For example, for the antiecho part
originating from I; magnetization, there is a DQ product
operator 4I,,5;S; right before the 2n/3 pulse in the pulse
sequence by which that product operator is partly transferred
to 41,,57S,, and 4I,,5,,S,. Afterwards the n° pulse in the ¢
delay inverts the sign of these SQ coherences, i.e. yielding 41,57
S,, and 4I,5,,S5, and most importantly the I, operator is
maintained throughout the 7 delay due to heteronuclear
decoupling by the n'" pulse in the delay. As is evident in the
product operator analysis, the I, operator is essential for
production of HSQC artifacts. The first step is a coherence
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Fig. 2 Results of the PDI-1 pulse sequence in Fig. 1A with data acquired
on a 100 mg sample of hymecromone dissolved in 750 pL DMSO-dg using
a 500 MHz Bruker Neo NMR spectrometer equipped with a 5 mm Prodigy
TCI Cryoprobe. The delay t = 1’ was set for Jcy = 160 Hz and the first t.
delay for Jcc = 60 Hz. The second 7. delay was set to accomplish:
(A) T[JCCTC = g, (B) T[JCCTC =T, (C) T[JCCTC = %Tn, and (D) TEJCCTC = 54£ The

acquisition time with GARP decoupling was 246 ms and recorded 3k data
points. 48 scans were acquired for each of the 180t; increments. Data
were processed as a 4k x 1k matrix with a =n/2 shifted sine squared
apodization applied in both dimensions and linear prediction to 384 data
points in t; before Fourier transformation.

transfer from the S, magnetization 4I3,5,,S5 to S; by the (n/2)¢
pulse at the end of the 7¢ delay. All in all, the resulting relevant
product operator is 4/,5,,S,, and it is the refocusing of the
§,-S, antiphase character to 2I;,S;, during the 2d delays that
gives rise to the factor sin(njcc2d) in expressions (2) and (2').
Eventually, this product operator makes it through to become I,
inphase magnetization labeled with the S; chemical shift from
the evolution periods and thus gives rise to an I;-S; HSQC
artifact. The antiphase HSQC artifact term arises via another
route but common to both contributions is that they require
the I,, operator at the end of the 7 delay. The desired PDI
peaks also need that operator for back-transfer, but the key
point is that in those terms it is associated with its attached S
spin (i.e. I, associated with Sj). In contrast, for the HSQC
artifacts it is associated with the remote S spin (i.e. I, asso-
ciated with S3), or in other words, the S, spin is associated with
a “foreign” I, operator. Thus, a remedy for HSQC artifacts is to
avoid product operators with “foreign” I, operators in the
second 1 delay.

This goal can be accomplished by having no I, operators
immediately after the 2n/3 *C pulse. That in turn requires that
the heteronuclear antiphase structure after the initial INEPT
polarization transfer is refocused prior to DQ excitation. This
scenario would yield product operators 257 S,, and 2S5,,S; right
after the 2m/3 "°C pulse rather than 4I,57S,, and 41,,5,,S; as
described above for the pulse sequence in Fig. 1A. The mod-
ification necessary for this is the dashed ' pulse and the t’
delays in Fig. 1, i.e. the pulse sequence represented by Fig. 1B.

To prepare for the back-transfer, the product operators 257
S, and 25,53 are made antiphase with respect to ‘Jcy through
the addition of the second 7’ delay to become 4I,,51S,, and
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48,.1,,S; which both contain a “home” I, operator (an I,
operator with the same house number as the transverse S
operator, ie. a ‘J-connected I-S pair) that does not produce
HSQC artifacts. Such refocused pulse sequences were in fact
included in a DEPT implementation in the paper by Meissner
et al,® but at that time there was no awareness of HSQC
artifacts that are not obvious in spectra displaying DQ frequen-
cies in the F; dimension.

Complete elimination of “foreign” I, operators in the second
1c delay hinges for methine groups on a perfect match of
7/ = 0.5/"cy which generally is not possible since the J coupling
constants in most molecules vary over a certain range. Any
mismatch of " will leave some “foreign” I, operators and thus
call for an additional remedy to eliminate them. That remedy is
a (m/2)" purging pulse'! placed at the point of DQ excitation as
represented by the dashed (m/2)" pulse in Fig. 1, i.e. the pulse
sequence in Fig. 1C. The need for such a purging pulse is
particularly pronounced in the presence of methylene and
methyl groups because of incomplete refocusing. No compro-
mise setting of 7’ exists that can refocus the heteronuclear
couplings for all multiplicities with a simple spin echo. Methyl-
ene and methyl groups require a v’ delay shorter than 0.5/"/cy.

The ‘Jcu refocusing in the first and the defocusing in the
second 1¢ delay follow the intensity function for refocusing in
INEPT.'"'* More complete intensity expressions can be found
in ref. 8.

Fig. 3 represents an application to hymecromone with PDI-1
spectra showing all the expected '"H-"C two-bond correlations
resulting from the two-step polarization transfer process
through two one-bond couplings. The first step transfers polar-
ization from a proton to its attached carbon via ‘Jcy and the
second step passes the polarization on to the *C neighbors via
YJoc. Low-intensity peaks are due to a little polarization transfer
between carbons separated by more than one chemical bond
via longer-range Jcc couplings.

The simplest HSQC artifact remedy in the PDI-1 pulse sequence
in Fig. 1B is quite effective in suppressing the artifacts, and possibly
adequate in many applications. This is shown in Fig. 3B using the
best compromise delay settings for hymecromone. In Fig. 3C it is
shown how the additional “foreign I, operator removal tool” in the
form of the purging pulse in the pulse sequence in Fig. 1C almost
fully purges the remaining HSQC artifacts on H3 and H8 whereas
the suppression on H5 and H6 already is so high that little is
gained by addition of the purging pulse. Pertinent F, sections can
be found in Fig. S2 (ESI}). The ratio of desired peaks to artifacts for
methine-methine pairs gains on two fronts, firstly through the
signal being doubled compared to the reference experiment and
secondly through the HSQC artifacts being suppressed. For
methine-quaternary pairs the sensitivity is largely unaffected by
the HSQC artifact suppression tools.

In ESL{ Fig. S3 shows F, sections through the H6-C5
methine-methine PDI peak and three methine-quaternary
correlations. They illustrate for methine-methine pairs the
about double sensitivity using the HSQC artifact-suppression
PDI-1 versions in Fig. 1B and C in comparison to the
version in Fig. 1A. Such a gain cannot be accomplished in
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Fig. 3 Results of the pulse sequences depicted in Fig. 1 with (A-C) in that
figure corresponding to (A-C) in this figure. Data were acquired on a
100 mg sample of hymecromone dissolved in 750 pL DMSO-dg using a
600 MHz Bruker AVIII NMR spectrometer with a 5 mm room temperature
TXI probe. Shaded circles are put around HSQC responses, sections
through which are shown in Fig. S2 (ESI}). The dashed lines indicate the
locations of F, sections for C5 and C7 shown in Fig. S3 (ESIT). The delays
t = 1/ were set for Jcy = 160 Hz and 1. for Jcc = 55 Hz. The acquisition
time with GARP decoupling was 213 ms and recorded 3k data points.
80 scans were acquired for each of the 128t; increments. Data were
processed as a 4k x 1k matrix with a n/2 shifted sine squared apodization
applied in both dimensions and linear prediction to 256 data points in t;
before Fourier transformation.
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methine-quaternary systems because the quaternary carbons do not
contribute magnetization into the DQ coherence, but fortunately the
HSQC artifact-suppression additions to the pulse sequence do not
significantly compromise the sensitivity either and HSQC artifact
suppression is effective for those spin systems too.

The pulse sequence proposed by Sakas and Uhrin'® corre-
sponds to the PDI-1 version in Fig. 1B, because the applied
WALTZ multipulse decoupling sequence does not cause rando-
mization of 'H spin operators.'® In their pulse sequence it is an
option to place a (n/2)" purging pulse simultaneous with the
120° (**C) pulse.

In summary, we have described the origin of the ubiquitous
HSQC artifacts in proton-detected INADEQUATE spectra laid
out for 2D NMR data with "*C single-quantum frequencies in
the F; dimension and introduced remedies for their suppres-
sion. The simplest solution consists of refocusing ‘Jcy cou-
plings prior to creation of "*C-">C DQ coherence, which might
well provide an acceptable suppression level for many applica-
tions. Otherwise, a (n/2)™ purging pulse can be added simulta-
neously with **C double-quantum excitation. Finally, a product
operator analysis also showed the origin of the peculiarity of
desired PDI peaks showing a well resolved homonuclear
splitting whilst HSQC artifacts on the same proton show an
ill-resolved multiplet. These effects as well as the HSQC arti-
facts arise through a pathway opened by the COS back-transfer
module.
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