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Abstract

The sensitivity of cryoprobes, which are rapidly becoming available, have brought about the possibility of measurement of 13C, 13C
coupling constants at the natural abundance of 13C using tens rather than hundreds of milligrams of compounds. This relatively recent
development lays the foundation for a more routine use of the 13C, 13C long-range coupling constants in the conformational analysis of
molecules. We have designed novel 1H-detected INADEQUATE experiments optimized for long-range 13C, 13C correlations and the
measurement of long-range coupling constants. These experiments incorporate refocusing of 1JCH coupling constants prior to the for-
mation of DQ coherences and 1H-decoupling during the long carbon–carbon evolution intervals. Such modifications significantly
enhance their performance over 1H-detected INADEQUATE experiments currently in use for mapping the one-bond 13C, 13C correla-
tions. 1H or 13C polarization is used a starting point in long-range correlation 1H-detected IPAP DEPT-INADEQUATE or RINEPT-
INADEQUATE experiments. These correlation experiments were modified yielding in-phase (IP) or antiphase (AP) 13C, 13C doublets in
F1. Procedures were developed for their editing yielding accurate values of small 13C, 13C coupling constants. The methods are illustrated
using mono- and disaccharide samples and compared with related 13C-detected experiments by means of the measurement of intergly-
cosidic 13C, 13C coupling constants of a disaccharide.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Long-range carbon–carbon coupling constants, nJCC,
report on the stereochemistry and conformation of mole-
cules [1–6] in a similar manner as the more easily accessible
proton–proton or proton–carbon long-range coupling con-
stants. Low sensitivity of NMR experiments performed at
the natural abundance of 13C has thus far hindered a more
wide spread utilization of nJCC couplings in the conforma-
tional analysis of small and medium size molecules. How-
ever, a recent introduction of cryogenic probes has
reduced sample requirements dramatically. In principle,
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tens rather than hundreds of milligrams of medium size
molecules are now sufficient for the measurement of nJCC

coupling constants.
Practically all NMR experiments designed to select car-

bon pairs in natural abundance 13C molecules use 13C–13C
DQ filtration—the principle introduced for the first time in
the seminal INADEQUATE experiments [7,8]. Since then,
numerous variations of the INADEQUATE have
appeared in the literature. The early experiments focusing
on the measurement of nJCC coupling constants were per-
formed using 13C-detection [9–13]; more recently, several
1H-detected methods have been proposed [14–17]. The
existing methods can be classified as intensity based [15],
J-resolved [9,14] and J-modulated correlation [10–
13,16,17] techniques. The latter two types achieve the
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determination of coupling constants in the frequency [9–
14,16] or the time domain [17]. Due to the nature of the
INADEQUATE, cross peaks in the 13C-detected experi-
ments appear in F2 as antiphase doublets with regard to
JCC coupling. Similarly, J-resolved [9,14] or J-modulated
techniques produce antiphase doublets [16,18] or multiplets
[17] in F1. This is not a problem when dealing with large
1JCC coupling constants. However, the determination of
small nJCC coupling constants is not trivial, as partial can-
cellation of closely spaced antiphase lines produces an
apparent splitting that is larger than the true coupling con-
stant [19,20]. A J-modulated ADEQUATE experiment
[16], which presents in-phase doublets in F1, leads to a
more accurate determination of nJCC coupling constants
when using peak picking procedures. Nevertheless, also
this method fails for unresolved doublets. Analyzing anti-
phase doublets using line fitting, as a way of determining
the coupling constants, is problematic even if the line
widths are known through the measurement of relaxation
times. This is due to the fact that different combinations
of J couplings and peak heights can reproduce the experi-
mental doublets equally well, which is particularly true
for poorly resolved doublets and noisy INADEQUATE
spectra.

It has been illustrated by numerous NMR experiments
that editing of the corresponding in- and antiphase mul-
tiplets is a possible route towards accurate determination
of coupling constants from unresolved multiplets [20–24].
This approach has since been successfully applied under
the acronym IPAP [25] to the measurement of scalar
and residual dipolar coupling constants of biomolecules.
We have recently used this principle to design a 13C-
detected IPAP-INADEQUATE experiment and demon-
strated its efficiency in accurate measurement of small
nJCC coupling constants [13]. In this work, we apply
the same principle to 1H-detected INADEQUATE exper-
iments. Two 1H-detected IPAP-INADEQUATE experi-
ments are introduced with the aim to maximize the
sensitivity and accuracy of the measurement of nJCC

coupling constants.

2. Materials and methods

The samples used throughout this work were prepared
by dissolving 70 mg of Me-b-D�xylopyranoside (I,
MW = 164.2 g/mol) and 25 mg of Me-b-D-lactoside (II,
MW = 356 g/mol) (Fig. 1) in 350 lL of D2O and trans-
ferred to Shigemi tubes. All 1H-detected INADEQUATE
spectra of I and II were acquired using a 600 MHz triple-
resonance cryoprobe with z-gradients. The T2 and T �2 relax-
ation times of I and II were determined, respectively, by
acquiring a series of 13C spin-echoes (effectively 90-D2-
180-D2 of the INADEQUATE pulse sequence) with and
without the 1H decoupling and using maximum evolution
times >2T2. The 13C T1 relaxation times were determined
using the inversion recovery method with 1H decoupling
during the recovery delay. The T1 relaxation times of
13C-attached protons were determined using the inversion
recovery sequence followed by a gradient selected 1D
HSQC. The peak intensities were fitted as single exponen-
tial decays to determine the decay constants.

The three long-range carbon–carbon correlation spectra
of I were acquired using the pulse sequences of Fig. 1 and
the t1 and t2 acquisition times of 23 and 102 ms, respec-
tively. The relaxation time was set to 1.3 s, 16 scans were
acquired in each of 192 complex points. Delays s, and s2

were optimized for 1JCH = 150 Hz as 1/2 1JCH 1/4 1JCH,
respectively; s1 in the RINEPT was optimized for all mul-
tiplicities (2.0 ms) and D2 was set to 1/4nJCC

(nJCC = 3.0 Hz) for all experiments. h was set to 90� in
the DEPT-based pulse sequence. The overall experimental
time was 3.2 h for each individual experiment. The 90�
BEBOP and 180� BIBOP pulses [40,41] were 700 and
1400 ls long and applied at cB1/2p = 12.5 kHz. A 500 ls
adiabatic pulse 13C pulse was used to invert the carbon z
magnetization.

The IPAP DEPT-INADEQUATE and IPAP RINEPT-
INADEQUATE spectra of II (Fig. 2) were acquired using
the pulse sequences of Fig. 3a–d, respectively. Relaxation
times of 1 and 1.3 s were used, respectively. This corre-
sponds to 2.3 times of the longest T1 relaxation time of
13C and 1H attached to 13C, respectively. The in- and anti-
phase spectra were acquired in an interleaved mode using
24 scans in each of 875 complex points. The t1, jt1 and t2

acquisition times of 102, 408 and 103 ms, respectively were
used. Scaling factor, j = 4 was applied during the J-evolu-
tion. The evolution interval, 2D2, was optimized for
nJCC = 3.0 Hz (D2 = 1/4nJCC). A 20 ms adiabatic pulse
[42] was applied simultaneously with low level PFGs. The
total experimental time was 47.5 and 41.5 h for the IPAP
DEPT-INADEQUATE and IPAP RINEPT-INADE-
QUATE experiments, respectively. The 2D spectra were
zero filled to yield a digital resolution of 0.25 Hz/point in
F1. No window function was used in F1. 13C-detected IPAP
INADEQUATE spectra of II were acquired using an
800 MHz triple-resonance cryoprobe with z-gradients and
a cold carbon preamplifier as detailed in [13].

3. Results

3.1. Long-range carbon–carbon correlation

The relaxation of coherences affects the sensitivity of
NMR experiments and additionally, in J-resolved/J-modu-
lated experiments, the line widths of spectral lines. The
coherences that evolve during the long-range evolution
intervals of 1H-detected INADEQUATE [26] (Fig. 1a)
can be written as

Qk
n¼0Hn;zC1;xy and

Qk
n¼0Hn;zC1;xyC2;z,

where k is the number of protons coupled to C1 via one-
bond or long-range couplings and C1 and C2 are the two
coupled carbons. Both 13C transverse and 1H and 13C lon-
gitudinal relaxation (spin-flips) contribute to the decay of
these coherences. During the DQ frequency labelling per-
iod, the following coherences exist:

Qk
n¼0Hn;zC1;xy



Fig. 1. Pulse sequences of 1H-detected INEPT-INADEQUATE (a), DEPT-INADEQUATE (b) and RINEPT-INADEQUATE (c). The filled and open
rectangles represent 90� and 180� rectangular pulses, respectively, applied from the x axis unless stated otherwise. The dashed rectangles of the DEPT pulse
sequence represent rectangular pulses with flip angle h = 90� or 45�. The 90� BEBOP [40] and 180� BIBOP pulses [41] are indicated as wide rectangles with
a sine wave. The adiabatic inversion pulse is identified by an inclined arrow. The following delays were used: s = 0.5/1JCH, D2 = 0.25/nJCC, s1 = 0.5/1JCH

for CH and 0.3/1JCH for all multiplicities, s2 = 0.25/1JCH, RD is relaxation delay. All PFGs were shaped according to a CHIRP pulse [42] and applied
during 1 ms, with an exception of G6 that was applied for 2 ms. The echo-antiecho encoding of F1 frequencies was achieved by changing the sign of G3 and
G4 PFGs between successive t1 increments. PFGs expressed as a percentage of 50 Gcm�1 were: G1 = 57%, G2 = 77%, G3 = 40%, G4 = �40%, G5 = 40.16%,
G5 = 90%. The following phase cycling was applied in (a): u1 = x, y, �x, �y; u2 = x, y, �x, �y, �x, �y, x, y; u3 = 8x, 8(�x); W = 4(x,�x), 4(�x,x). The
following phase cycling was applied in (b): u1 = x, �x; u2 = 2x, 2(�x); u3 = 8x, 8y; W = 2(x, �x), 2(�x,x). The following phase cycling was applied in (c):
u1 = x, y, �x, �y; u2 = 4x, 4(�x); u3 = 8x, 8(y); W = 2(x, �x), 4(�x,x), 2(x,�x).
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C2;xy
Ql

m¼0Hm;z, where k and l is the number of C1 and C2

coupled protons. It has been demonstrated before [27,28]
that removing the proton terms from heteronuclear coher-
ences prolongs their lifetime. In the context of the 1H-
detected INADEQUATE this can be achieved by refocus-
ing the one-bond proton–carbon couplings and applying
1H decoupling during most of the pulse sequence. Under
these circumstances the relevant coherences present during
the evolution and DQ labelling intervals simplify to C1,xy,
C1,xyC2,z and C1,xyC2,xy. Although this modification is
not required for 1JCC optimized experiments, it becomes
important for long-range correlation experiments contain-
ing long evolution intervals. In practise, as the carbon
magnetization needs to be defocused with regard to the
one-bond couplings prior to its back transfer to protons
for detection, this approach results in modified INADE-
QUATE pulse sequences containing one refocusing and
one defocusing delay. The optimal setting of these inter-
vals can only be achieved for CH groups. Starting the
experiment with 13C magnetization and using the reverse
INEPT (RINEPT) pathway [29] eliminates the need
for the first refocusing interval and results in a more efficient
optimization of the experiments for all carbon multiplicities.

Before proceeding with the implementation of these
ideas, we will inspect the relaxation properties of relevant
coherences using two model compounds, of Me-b-
D�xylopyranoside (I, MW = 164.2 g/mol) and Me-b-D-lac-
toside (II, MW = 356 g/mol) (Fig. 4). The 13C transverse
relaxation times of I and II were determined by acquiring
a series of 13C spin-echoes with (T2) and without (T �2) 1H
decoupling. The latter relaxation times incorporate the
effects of proton spin-flips. Also measured were the 13C
T1 relaxation times. The determined relaxation times were
used to calculate the effective relaxation times of
coherences during the long evolution intervals. When 1H
decoupling is used, this involves coherences C1,xy and



Fig. 2. Traces extracted from INADEQUATE spectra of II. (a–d) F1 traces at F2
1H chemical shifts of protons attached to carbons coupled to carbons of

the other monosaccharide ring. (a) AP DEPT-INADEQUATE, (b) IP DEPT-INADEQUATE, (c) AP RINEPT-INADEQUATE, (d) IP RINEPT-
INADEQUATE. The doublets circled in (c) and (d) are analyzed in Fig. 7. (e) and (f) Equivalent F2 traces taken from 13C-detected AP and IP
INADEQUATE spectra of II [13]. All spectra were plotted using vertical scales yielding identical noise levels, as indicated in (a), (b) and (e) using empty
regions of the spectra scaled up four times.
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Fig. 3. Pulse sequences of 1H-detected IPAP DEPT-INADEQUATE (a and b) and IPAP RINEPT-INADEQUATE experiments (c and d). Parts (b) and
(d) are inserted at the position of the vertical arrows when in-phase doublets are acquired. The filled and open rectangles represent 90� and 180�
rectangular pulses respectively, applied from the x axis unless stated otherwise. The dashed rectangles of the DEPT pulse sequence represent rectangular
pulses with flip angle h = 90� or 45�. The 90� BEBOP [40] and 180� BIBOP pulses [41] are indicated as wide rectangles with a sine wave. The 13C adiabatic
inversion pulses [37] are designated by an inclined arrow. The following delays were used: s = 0.5/1JCH, D1 = 0.5/1JCC, D2 = 0.25/nJCC, s1 = 0.5/1JCH for
CH and 0.3/1JCH for all multiplicities, s2 = 0.25/1JCH. Tmax = dt1(j + 1)*N, where dt1, j, and N are the t1 increment, J scaling factor and the number of
increments per spectrum; sc = Tmax � dt1(j + 1) * n, where n is the actual t1 increment number; sNOE = RD � Tmax + dt1(j + 1) * n, where RD is the
relaxation delay. WALTZ decoupling during 2D2, positioned at the beginning of the pulse sequences, indicted by dashed lines, is applied only when
antiphase doublets are acquired. This, together with the WALTZ decoupling during the temperature compensating delay, sc, ensures that the temperature
is constant over the entire duration of the experiment. The following phase cycling was applied in (a) and (b): u1 = x, �x; u2 = 4x, 4(�x); u3 = 2x, 2y;
u4 = 8x, 8y; W = 4(x,�x), 4(�x,x). PFGs expressed as a percentage of 50 Gcm�1 are: G1 = 60%, G2 = 70%, G3 = 40%, G4 = �40%, G5 = 40.16%,
G7 = 4%, G8 = 15%, G9 = 90%, G10 = 57%, G11 = 4%, G12 = 8%, G13 = 77%. The following phase cycling was applied in (c) and (d): u1 = x, y, �x, �y;
u2 = 4x, 4(�x); u3 = 8x, 8y; W = 2(x, �x), 4(�x,x), 2(x, �x). For the acquisition of in-phase doublets the phase of the first three 13C pulses is x as shown
in square brackets and not u1. PFGs expressed as a percentage of 50 Gcm�1 are: G1 = 67%, G2 = 77%, G3 = 40%, G4 = �40%, G5 = 40.16%, G6 = 90%,
G7 = 4%, G8 = 15%, G9 = 18%. All PFGs were shaped according to a CHIRP pulse [42], with an exception of long PFGs during adiabatic inversion, which
were rectangular. The PFGs were applied during 1 ms, except for dashed and filled ones, which were 0.5 and 2 ms long, respectively. The echo-antiecho
encoding of F1 frequencies was achieved by changing the sign of G3 and G4 between successive t1 increments.

Fig. 4. Me-b-D�xylopyranoside, I, and Me-b-D-lactoside, II.
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C1,xy C2,z. As both exist for one half of a long-range evolu-
tion interval, their effective relaxation rate can be calcu-
lated [15] as:

½T 2effðC1Þ��1 ¼ ½T 2ðC1Þ��1 þ 0:5 � ½T 1ðC2Þ��1
; ð1Þ

incorporating the effect of carbon spin-flips. The same
equation can be used to calculate the T �2eff relaxation times
in the presence of proton spin-flips by using T �2 instead of
T2. Fig. 5 shows a comparison of effective 13C relaxation
times, T2eff and T �2eff calculated using Eq. (1) and T2 or
T �2 and T1 values of the monosaccharide I, and disaccharide
II. As expected, 1H decoupling prolongs the lifetime of car-
bon coherences. The average values for the monosaccha-
ride are T 2eff ¼ 1:70 � T �2eff , while for the disaccharide
T 2eff ¼ 1:45 � T �2eff . A closer inspection of the data reveals
that for carbons attached to protons with long T1 relaxa-
tion times, such as H2 of xylose or glucose, the gains of
using the 1H decoupling are modest. Also, the dipole–di-
pole transverse relaxation of carbons in CH2 groups
through two attached protons is the dominant relaxation
mechanism leading to small increases of T2eff over T �2eff .
Nevertheless, for the majority of carbons the benefits of
1H decoupling are significant.

Next, we compare the performance of several 1H-
detected INADEQUATE experiments (Fig. 1a) with and
without [26] the 1H decoupling. When the H fi C fi H
pathway is considered, either INEPT or DEPT can be used
for polarization transfers. The latter requires fewer 180�
13C pulses and was therefore applied. INEPT and DEPT
have been used in the past in 13C-detected INEPT- or
DEPT-INADEQUATE experiments [30,31]. Fig. 1b shows
a pulse sequence of 1H-detected DEPT-INADEQUATE
optimized for nJCC coupling constants using DEPT for



Fig. 5. Comparison of carbon spin–spin relaxation times in the presence (T �2eff ;r) and absence (T2eff, d) of proton spin-flips. (a) and (b) show data for
compounds I and II respectively.
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both polarization transfer steps. A RINEPT-INADE-
QUATE, utilising the C fi H pathway, is shown in
Fig. 1c. The 1H decoupling is used in both experiments dur-
ing most of the J and DQ evolution intervals, except for
short periods when the pulsed field gradients are applied.
No measures were taken to eliminate the one-bond correla-
tions in these experiments, which appear with random
intensities. If required, their removal is possible as illus-
trated later. The pulse sequences of Fig. 1b and c can be
fully optimized only for CH groups, while only a compro-
mised setting is possible when all multiplicities are of inter-
est. In the DEPT-INADEQUATE this choice is made by
setting flip angles, h, of two 1H pulses, while in the RIN-
EPT-INADEQUATE a single refocusing interval, s1, is
set accordingly.
Fig. 6. F2 traces showing carbon–carbon correlations of I extracted from 1H-
RINEPT-INADEQUATE (c). Intensities, relative to the corresponding cross
Fig. 6 contains F2 traces extracted from 2D INAD-
QUATE spectra of I acquired using various pulse
sequences of Fig. 1 but otherwise identical experimental
conditions. In the INEPT-INADEQUATE experiment
(Fig. 1a) the refocusing of proton–carbon couplings is
not used. This means that all carbon multiplicities will
always have optimal sensitivity; however, this experiment
is more susceptible to the relaxation effects. In addition,
as pointed out by Sørensen et. al. [32], refocusing of carbon
coherences with regard 1JCH coupling constants prior to
creating DQ coherences has an additional advantage when
correlating protonated carbons. The losses through ZQ-
coherences are minimised, increasing the signal by a factor
of two. This gain is pertinent to both INADEQUATE
experiments with 1H decoupling (Fig. 1b and c), which in
detected 2D INEPT-INADEQUATE (a), DEPT-INADEQUATE (b) and
peaks in (a), are shown in (b) and (c).
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addition, are expected to be more resilient towards the
relaxation effects. The DEPT-INADEQUATE experiment
was optimised for CH groups (h1 = h2 = 90�), while the
RINEPT-INADEQUATE experiment was optimized for
all multiplicities (s = 2.0 ms). The rational behind these set-
tings is as follows. The presence of two polarization trans-
fer steps will significantly affect the intensity of all
correlations when a compromise (h1 = h2 = 45�) setting is
attempted in the DEPT-based experiment [30]. It is there-
fore of interest to probe its maximum sensitivity by focus-
ing on CH carbons. On the other hand, the RINEPT-based
pulse sequence with only one polarization transfer step is
more general and will incur smaller losses while covering
all carbon multiplicities.

The results are summarized in Table 1, where also the
theoretical transfer efficiencies calculated by neglecting
the relaxation effects are given. On average, larger than pre-
dicted gains were observed experimentally for CH–CH cor-
relations in the DEPT-INADEQUATE spectra (2.27 vs
2.0). This result is clearly attributable to the relaxation
effects, which for example are considerable for C1C3 corre-
lations. The observed factors of 2.8 and 3.2 (see Fig. 6) can
be rationalised by the fact that T 2eff � 2�T �2eff for C1 and C3

(see Fig. 5). The same cross peaks also show larger than
average relative signal intensities (1.55 vs 1.18) in the RIN-
EPT-INADEQUATE spectra.

Even though the sensitivity increases attributable to the
relaxation effects are equal in the DEPT- and RINEPT-
based experiments no extra gains were noticeable when
comparing the theoretical (1.2) and average experimental
(1.18) signal enhancements in the RINEPT-INADE-
QUATE spectrum. This indicates that some negative fac-
tors are acting in the latter experiments. All experiments
were acquired using a uniform relaxation delay of 1.3 s,
yet in I, the average T1 relaxation time of 13C-attached pro-
Table 1
Theoreticala and experimental cross peak intensities of I of three
INADEQUATE experiments

Experiment/CHx CH CH2
h CH3

INEPT-INADEQUATE 4d
* 0.5e = 2 4d

* 0.5e = 2 4d
* 0.5e = 2

1/1 1/1 1/1

DEPT-INADEQUATEb 4d i j

2/2.27

RINEPT-INADEQUATEc 3f
* 0.81g 3f

* 0.47g 3f
* 0.27g

1.2/1.18 0.71/0.6 0.41/0.42

a Relaxation effects are not considered, x/y theoretical/experimental

intensities normalized relative to the INEPT-INADEQUATE.
b Optimized for CH only.
c Optimized for all multiplicities.
d cH/cC.
e Intensity losses through ZQ-coherences [32].
f Heteronuclear NOE.
g Setting of the refocusing interval to 1/3.3J.
h CH2–CH correlations only.
i Not observed.
j Not evaluated, appeared due to a mismatch between the actual and set

1JCH values.
tons (0.8 s) is shorter than the average 13C T1 relaxation
time (1.2 s). This decreases the relative sensitivity of the
RINEPT-INADEQUATE compared to INEPT-INADE-
QUATE for this particular experimental setting. Fast rep-
etition rates are also responsible for an incomplete build up
of heteronuclear NOEs. These two factors also caused the
experimental intensity of CH3–CH correlations (0.42) to
come close to the corresponding theoretical intensities
(0.41). This is despite the fact that larger gains were
expected based on T 2eff � T �2eff for CH3 groups (see
Fig. 5). The theoretical relative intensities of CH2 groups
(0.71) in the RINEPT-INADEQUATE experiment are
comparable to the average experimental ones (0.6).

Finally, a comparison of the experimental relative signal
intensities of CH–CH correlation between the DEPT-
INADEQUATE and RINEPT-INADEQUATE experi-
ments (2.27:1.18) shows that the DEPT-based experiment
is approximately twice as sensitive as the RINEPT-based
experiment optimized for all multiplicities. However, when
the DEPT-INADEQUATE was optimized for all multi-
plicities, as anticipated, the intensities of CH–CH correla-
tions halved. The CH2 groups reappeared, but their
intensity was only 50% of those in the RINEPT-INADE-
QUATE spectra.

The above observations allow us to conclude this part of
the work. When only CH–CH, CH–C, and CH–CH2 corre-
lations are of interest, the optimal experiment for tracing
out the long-range carbon–carbon correlations is the
DEPT-INADEQUATE incorporating 1H decoupling dur-
ing the long-range evolution intervals. When all carbon
multiplicities are present, the original INEPT-INADE-
QUATE [26] followed by the RINEPT-INADEQUATE
are overall more sensitive experiments. In the next, the
experiments discussed above are converted into J-modu-
lated experiments.

3.2. J-modulated INADEQUATE experiments

The pulse sequence of 1H-detected IPAP DEPT-INAD-
EQUATE (Fig. 3a) was obtained by modifying the pulse
sequence of the DEPT-INADEQUATE (Fig. 1b) using
the principles outlined in [13,14,16]. Briefly, after transfer-
ring the proton magnetization to carbons, the one-bond
13C–13C couplings are allowed to evolve during 2D1 = 1/
21JCC only to be suppressed by a purging element that
eliminates all but z magnetization [33]. This purging
scheme does not require time averaging unlike a z filter
implemented in MQ spectroscopy [34]. The evolution of
long-range couplings during 2D1 is marginal and the mag-
netization of long-range coupled carbons is therefore only
slightly attenuated. Our experiments performed using
13C-1 labeled glucose indicate that around 10% of the sig-
nal is lost because of the one-bond filter. The 2D1 interval
also serves to refocus the one-bond proton–carbon cou-
plings. After the return of the carbon magnetization to
the transverse plain, the following events take place: J-evo-
lution, creation, frequency labelling and PFG encoding of
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DQ coherences, back transfer of DQ to SQ 13C coherences,
their refocusing with respect to the long-range carbon–car-
bon couplings, short defocusing of one-bond proton–car-
bon couplings for reverse DEPT transfer, gradient
decoding and finally, the detection of proton magnetiza-
tion. Wherever possible, the 1H decoupling is applied dur-
ing the pulse sequence. This experiment produces antiphase
doublets of long-range coupled carbons in F1. As a conse-
quence of j-times faster incrementation of the J-evolution
period relative to the DQ frequency labelling, F1 doublets
show an apparent splitting of jJ. For recording the in-
phase doublets, a purging element that only selects the
cosine modulated signal after the J-modulation period is
inserted (Fig. 3b) followed by the defocusing of long-range
carbon–carbon couplings.

The pulse sequence of the 1H-detected IPAP RINEPT-
INADEQAUATE (Fig. 3c and d) was obtained by modify-
ing the pulse sequence of the RINEPT-INADEQUATE
(Fig. 1c). Starting the polarization transfer pathway on
13C makes this experiment simpler compared to the
DEPT-based experiment. Following the build up of the
heteronuclear NOEs during the relaxation delay, the pulse
sequence starts with a J-modulation interval. From this
point onwards the DEPT and RINEPT pulse sequences
are identical with the exception of the final magnetization
transfer to protons for which the DEPT and INEPT were
used, respectively.

Fig. 2 shows selected F1 traces extracted from a 2D
IPAP DEPT-INADEQUATE and IPAP RINEPT-INAD-
EQUATE spectra of II containing inter ring correlations.
Both spectra were acquired using identical conditions and
optimized for CH groups only. Their quality is compara-
ble, with the DEPT-based experiments yielding higher sig-
nal-to-noise (S/N) ratios. Based on the analysis of the in-
phase long-range cross peaks, factors of 1.1–1.7 (an aver-
age of 1.33) were observed. This is a smaller gain than that
predicted by the theory (1.67:1). This observation can be
explained by the fact that the DEPT-based experiment is
more complicated and includes purging of one-bond
correlations.

3.3. Extraction of coupling constants

It has been demonstrated that the editing of in-phase
and antiphase multiplets provides accurate values of cou-
pling constants only when the relationship between the
intensities of the two multiplets is known [35]. In INADE-
QUATE experiments discussed here the intensity of the in-
phase doublets is always lower, sometimes significantly.
This is primarily because of the mismatch between the
actual and set nJCC coupling constant. In addition,
extended evolution periods of the refocused experiments
incur additional signal losses due to relaxation effects. It
should be said that the accuracy of the scaling factors
between the two types of doublets does not need to be high.
Their overestimation leads to smaller errors than their
underestimation. The reader is referred to the reference
[13] for a detailed discussion. This finding is fortuitous,
as low signal-to-noise ratio of INADEQUATE spectra will
inevitably affect the accuracy of the determined scaling fac-
tors. These are, for the antiphase doublets, calculated as:

Sa ¼ AðmÞ sinðpJ ini2D2Þ expð�2D2=T 2effÞ; ð2Þ
where Jini is the initial coupling constants estimated as de-
scribed below, 2D2 is the length of the refocusing interval.
A(m)(61) is a factor that accounts for the fact that the refo-
cused pulse sequence contains more pulses. The intensity of
in-phase multiplets will therefore also be affected more by
pulse imperfections and off resonance effects than that of
the antiphase multiplets. This correction factor is, in prin-
ciple, frequency dependent, and follows the excitation pro-
file of the 90� rectangular pulse used to flip the
magnetization into the z-axis prior to the purging of ZQ/
DQ coherences. All other broad band pulses are offset
independent. For a narrow spread of 13C chemical shifts,
such as carbohydrates used in this study, this frequency
dependence can be safely ignored. A uniform correction
factor, A = 0.9, as determined using a 13C-1 labeled glucose
sample, was employed in this work. When a short 90�
broad-band universal rotator with negligible off resonance
effects becomes available, it is advisable to use it instead of
the remaining rectangular 90� pulses. This will remove the
frequency dependence of A.

The initial coupling constant required for Eq. (1) is
determined as follows. A resolved, long-range (or a one-
bond) in-phase doublet is used as a reference peak, for
which the carbon–carbon coupling constant is determined
by peak picking. All in-phase long-range doublets are inte-
grated either by using an integration routine or signal
deconvolution. The ratio of the actual and the reference
integral is used to determine the value of Jini according to
Eq. (3). This equation also takes into account the differ-
ences in effective relaxation times of different pairs of cou-
pled carbons.

J ini ¼
1

2pD2

arcsin
I

I ref

CðT 1Þ
� �1=2

 

�
sin pJ ref 2D2ð Þ exp �2D2=T ref

2eff

� �
exp �2D2=T 2effð Þ

�
; ð3Þ

where Iref and I are the integrals of the in-phase cross peaks
of the reference and investigated doublet; Jref and Jini and
T ref

2eff and T2eff are the corresponding coupling constants
and effective carbon spin–spin relaxation times. The latter
are calculated using Eq. (1) and the measured spin–lattice
and spin–spin 13C relaxation times. In these relaxation
experiments 1H decoupling is applied during the inversion
recovery and spin-echo delays, respectively. Given the con-
centrations required for INADEQAUTE experiments,
such relaxation data are obtained in a matter of minutes.
C(T1) is the correction factor that accounts for the varia-
tions in the T1-driven signal recovery during the relaxation
delay, RD:
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CðT 1Þ ¼
1� expð�RD=T 1refÞ
1� expð�RD=T 1Þ

; ð4Þ
where T1 and T1ref are the spin–lattice relaxation times of
13C-attached protons (DEPT-INADEQUATE) or 13C
relaxation times (RINEPT-INADEQUATE). The 13C
relaxation times are also required for the determination
of T2eff and are easily obtained as explained above. The
determination of T1 relaxation times of 13C-attached pro-
tons is more problematic, as it requires a selection of 13C
satellites in 1H spectra. The overlap in 1H spectra may pre-
vent their accurate determination, but 1D inversion recov-
ery concatenated with a 1D HSQC experiment will give
reasonable estimates.

In order to facilitate the implementation of these exper-
iments, we have investigated the effects of an imperfect
recovery on signal intensities. For relaxation delays of
P2T1max and a two fold difference between T1min and
T1max, the difference in the intensity of the recovered signal
is 13%. This contributes marginally to the error of the scal-
ing factor and can be safely ignored. We therefore recom-
mend using relaxation delays twice as long as the longest
T1 relaxation times of spins used for the initial polarization
transfer. In compound II the 1H relaxation times 13C-
attached protons in CH groups ranged from 0.25 to
0.45 s, while the CH carbons had their T1 relaxation times
in the range of 0.4–0.6 s. The relaxation delays of 1 and
1.3 s were therefore used in the DEPT- and RINEPT-based
experiments and C(T1) was set to 1.

When none of the long-range cross peaks are resolved, a
one-bond cross peak could be used as reference signals.
Unlike suggested previously [13], there is no additional
contribution to the effective carbon spin–spin relaxation
times caused by the 13C–13C dipolar relaxation of directly
bonded carbon pairs. To support this statement, T1 and
T2 relaxation times of C-2 in a and b anomers were mea-
sured in both unlabeled and 13C-1 labeled glucose. The
T1 relaxation times were identical for both samples. T2eff
Fig. 7. Analysis of interglycosidic coupling constants of II using traces from IP
The scaling factors used for antiphase doublets (dashed lines), obtained as expla
are the sum or the difference of the in-phase and antiphase doublets.
of 13C-1 labeled glucose were calculated using Eq. (1).
These agreed well with the measured values, thus fully
explaining faster relaxation of the labelled samples by con-
sidering the contribution of the 13C-1 carbon spin-flips.
This makes the one-bond cross peaks an attractive alterna-
tive to the long-range cross peaks to act as reference signals
and can be used to analyze the coupling constants in the
IPAP RINEPT-INADEQUATE spectra.

In summary, the scaling factor for the antiphase dou-
blets required for spectral editing is determined using
Eqs. (1)–(4). In these calculation C(T1) = 1 and
A(m) = 0.9 can be used when the conditions explained
above have been satisfied. This exercise requires the mea-
surement of carbon T1 and T2 relaxation times.

Fig. 7 contains an example of the coupling constant
analysis showing the extraction of one large (3.1 Hz) and
two small (both 2.0 Hz) interglycosidic coupling constants
of II. Despite using j = 4 to acquire the spectra, the latter
two doublets are at the border line of possible extraction of
coupling constants from in-phase multiplets only. All long-
range coupling constants extracted from both DEPT- and
INEPT-based experiments are given in Table 2. Please note
a good agreement between the values obtained in the two
experiments.
4. Discussion

Here we compare the theoretical and experimental sen-
sitivities of the new 1H-detected INADEQUATE experi-
ments with those of the related 13C detected
INADEQUATE experiment [13]. The theoretical gains of
the 1H-detected version can be calculated [36] as 0.71*

(cH/cC)5/2/3 = 7.6, where factors 0.71 and 3 account for
the use of PFGs in the 1H-detected experiments and the uti-
lization of the heteronuclear NOE in the 13C-detected
experiment, respectively. As noted by others [37], such
large sensitivity gains are rarely achieved. This is mainly
because of a combination of 1H-1H couplings and short
AP RINEPT-INADEQUATE spectra (circled doublets in Fig. 2c and d).
ined in the text, were 0.46, 0.52 and 0.52 from left to right. The dotted lines



Table 2
Long-range 13C–13C coupling constants, in Hz, of IIa

Experiment/carbon pair 13 24 35 16 1 03 0 204 0 3 05 0

DEPT-INADEQUATE 4.9/b c 1.7/1.5 4.3/f 4.4/b 2.5/2.4 2.5e

INEPT-INADEQUATE b c d/1.4 4.1/f 4.6/b 2.4/2.4 2.5e

Experiment/carbon pair 1 060 13 0 14 0 15 0 24 0 10OMe 2 0OMe
DEPT-INADEQUATE 3.7/f 0.6/b 1.9/2.0 2.0/2.0 3.1/3.1 2.1/2.0 3.4/3.1
INEPT-INADEQUATE 3.9/f 0.5/b d/2.0 2.1/2.1 3.1/3.1 2.1/f 3.1/f

a Determined from two cross peaks in each spectrum whenever possible.
b Low S/N ratio.
c No coupling [43].
d Overlap.
e Reference coupling.
f Cross peak not present.
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acquisition times leading to large line widths (tens of Hz) of
the acquired signals in 1H-detected INADEQUATE, which
compares unfavorably with 13C detection where the lines
are only few Hz wide. The lack of proton–carbon polariza-
tion transfer steps in 13C-detected INADEQUATE and the
simplicity of this experiment increase its sensitivity.

Experimental comparison of both approaches is illus-
trated in Fig. 2, where also the traces extracted from 2D
13C detected IPAP INADEQUATE spectra [13] of II are
presented using C1,C4 0, C1,C5 0, C2,C4 0 correlations.
Although the t1 (1H detection) and t2 (13C detection) noise
have different character (see expansions in Fig. 2a, b and e),
all spectra were plotted in such a way as to present the
same noise levels. Please note that the effective coupling
evolution cannot be scaled up in the F2 dimension of the
13C-detected IPAP INADEQUATE, while a factor of
j = 4 was used in the 1H-detected experiments. This
explains the different appearance of cross peaks between
the two types of spectra.

The average S/N for 1D traces of the inter ring cross
peaks shown in Fig. 2 was 1.4 (IP) and 1.1 (AP) times
higher in the IPAP DEPT-INADEQUATE spectra than
in the 13C-detected IPAP INADEQUATE spectra. When
IP cross peaks were integrated in both spectra, those in
the 1H-detected spectrum were on average two times more
intense. This is a consequence of a larger frequency space
(jJ) covered by these cross peaks in F1 in the 1H-detected
spectra. Such cross peaks are less affected by random noise
fluctuations and provide coupling constants with higher
precession. Although all experiments were acquired using
identical spectrometer time and optimized for the same
nJCC = 3.0 Hz, 1H-detected experiments were acquired on
a 600 MHz cryoprobe instrument (S/N of EtBz � 4500:1),
while the 13C-detected experiments were obtained using an
800 MHz cryoprobe with a cold carbon preamplifier (13C
S/N of EtBz � 1000:1). Had the 1H-detected experiments
been acquired on the 800 MHz instrument (S/N of
EtBz � 9000:1), their performance would have improved
approximately two times. On the other hand, if a 500–
600 MHz 13C dedicated cryoprobe (13C S/N of
EtBz � 1800:1) was used, the S/N of the 13C-detected
experiment would also improve approximately two times.
It should be noted that to date most of the cryoprobes have
inner 1H coils. In conclusion, the arguments presented
above give good reasons as to why 1H-detected INADE-
QUATE experiments have their place in the repertoire of
NMR experiments for the measurement of nJCC coupling
constants, despite the fact tat they fall short of sensitivity
gains indicated by a simple comparison of proton and car-
bon gyromagnetic ratios.

The 3JCC coupling constants are extremely valuable for
the conformational analysis of carbohydrates as they com-
plement nJCH coupling constants [38], which by themselves
do not fully characterise the conformation of the flexible
glycosidic linkage of the carbohydrate molecules [39]. Cou-
pling constants 3JC1,C5 0 = 2.0 Hz 3JC2,C4 0 = 3.1 Hz were
obtained for II. Very weak cross peaks were observed for
the third pair of inter glycosidic carbons, C1, C3 0. Their
analysis yielded a coupling constant of �0.5 Hz. These cou-
pling constants, obtained previously using selectively 13C-
enriched carbohydrates, enabled characterization of the
glycosidic dihedral angles of II [39].

The S/N ratios obtained in 42 h for in-phase and anti-
phase multiplets in the 1H-detected IPAP DEPT-INADE-
QUATE spectra of the disaccharide II were 9–21:1, or
13.5:1 in average. This indicates that 25 mg of a larger mol-
ecule, e.g. a tetrasaccharide, would still yield, after the
addition/subtraction of the in-phase and antiphase dou-
blets, S/N ratios close to 10:1 on a 600 MHz cryoprobe,
which is sufficient for accurate coupling constant
determination.

5. Conclusions

We have proposed new 1H-detected INADEQUATE
experiments optimized for long-range 13C–13C correlation.
Refocusing of 1JCH coupling constants and the use of 1H-
decoupling in these experiments significantly enhanced
their performance when compared to the 1H-detected
INADEQUATE methods currently used to establish one-
bond correlations. Full benefits of this approach are real-
ized by the DEPT-INADEQUATE experiment optimized
for CH–CH, CH–C and CH–CH2 correlations. The acqui-
sition of in-phase and antiphase doublets in F1 is proposed
for the measurement of nJCC coupling constants in 1H-
detected IPAP DEPT-INADEQUATE and IPAP RIN-
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EPT-INADEQUATE experiments. Editing of in-phase
and antiphase doublets is shown to yield accurate values
of long-range carbon–carbon coupling constants from
poorly resolved doublets. These techniques can be used
to measure small interglycosidic coupling constants of car-
bohydrates using �100 mM samples. A comparison with
an analogous 13C-detected IPAP INADEQUATE experi-
ment shows that 1H-detected IPAP DEPT-INADE-
QUATE optimized for CH correlations yields on today’s
cryoprobes at least two times better S/N than afforded by
13C-detection on 1H-dedicated cryoprobes with a cold 13C
preamplifier. A setting for all multiplicities leads to a sim-
ilar performance of both methods.
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