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Variants of the HSQC and HMBC experiments are described.
hey allow the restriction of the heteronuclear chemical shift
omain without causing spectral folding. Selectivity is introduced

n the HSQC experiment by means of excitation sculpting. The
elective element of the pulse sequence is a double pulsed field
radient spin echo. It may be used either split by the t1 evolution
eriod, or not. The selectivity profile depends on the scheme used
s well as on the number of protons attached to the heteronucleus.
he selective HMBC experiment requires only a single echo se-
uence as no strict control of the signal phase is required. A
omplex glycoconjugate is used as a test compound for the new
ulse sequences. © 1999 Academic Press

Key Words: excitation sculpting; heteronuclear chemical shift
orrelation; selective pulses; NMR; glycoconjugates.

HMBC and HSQC experiments play a key role in str
ural elucidation of organic molecules. They offer a r
nformation content and a sensitivity that makes them us
n the resolution of a wide range of structural problems1).

hen the complexity of the studied molecules increases
esolution in theF 1 domain becomes of critical importanc
ven in simple molecules one can often find one or m
ouples of13C resonances that cannot be separated in
nverse correlation maps. Data processing techniques
s linear prediction (2) or filter diagonalization (3) exploit at
est the available resolution through time domain si
odeling.
The F 1 resolution, defined by the ratio of the number

1 increments to theF 1 spectral width, is proportional to th
idth of the exploredt 1 domain, referred to ast 1max. There-

ore, a better resolution can be obtained by an increase
umber of t 1 increments. The enhancement applies to
hole F 1 domain, even where not required. Alternative

he reduction of theF 1 spectral width achieves the desir
oal while keeping the number oft 1 increments at a pra

ical value. The main drawback of this approach is
olding of the resonance peaks lying outside of the cho
pectral domain. The clean reduction of theF 1 spectra

1 To whom correspondence should be addressed. E-mail: jm.nuzill
niv-reims.fr. Fax: 33 3 26 05 35 96.
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omain is achieved by selective pulses that cover the de
requency range of indirectly detected resonance freq
ies (4 – 8). The resolution cannot be indefinitely improv
ecause it is limited by relaxation duringt 1. An increase o

1max leads thus to a decrease of the signal-to-noise ra
he overall recording time is kept constant. This is the p
o pay for the resolution enhancement. This Communica
hows how gradient-enhanced HSQC and HMBC pulse
uences can incorporate excitation sculpting and PFGS
rder to achieveF 1 band-selective experiments.
Excitation sculpting (9) is produced by the application of

ouble pulsed field gradient spin-echo sequence (DPFG
he spin echoes are induced by selective inversion pulsS.
he sequenceS needs only to be characterized by its invers
rofile Mzz(V). This is the amount ofz magnetization that
ecovered after the action of the pulse on a nucleus of o
requencyV, starting from its equilibrium state. A deriv
uantity of interest is the inversion probabilityP(V) 5 (1 2

zz(V))/ 2. The DPFGSE sequence preserves the phase
ncoming transverse magnetization and modulates its a
ude according toA(V) 5 P2(V).

The nonselective pulse sequence in Fig. 1a was retain
how how the DPFGSE element can be introduced in a g
nt-enhanced HSQC experiment (10). The coherence transf
athway simultaneously selectsp 5 11 andp 5 21 states o

during t 1. This creates amplitude-modulated signals
llow a quadrature detection scheme inF 1 by the TPPI method
he pulse sequence in Fig. 1b shows the straight inserti

he DPFGSE element in the corresponding nonselective e
ment. The latter was chosen so that there is no spatial lab
f magnetization beforet 1, thus avoiding signal loss by diffu
ion if long t 1 periods are used (11). The intrinsic selectivity
rofile is modified by the action of one or more heteronuc
ouplings. Interestingly,A(V) can still be expressed by mea
f the inversion probability functionP in the absence o
oupling. The analytical expressions ofA(V) make use of th
robabilities

P 5 P~V 1 npJ! [1]
@
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n which VX is the X offset andJ the involved coupling
onstant. The incoming magnetization is described by
peratorI zS1. The density matrix calculation of the resulti

zS1 term is carried out in a way similar to that exposed in R
9). The state of theX spin is described in the (S1, S2, Sz)
asis set, and the state of the1H spins is written in th
opulation operators basis. The Hamiltonian operator tha
uring the soft pulses is expressed as a sum of single tran
perators (12). These choices allow an easy tracing of

FIG. 1. In all pulse sequences thin and thick vertical black bars ind
/2 andp pulses, respectively. Pulse phases arex unless otherwise spe

fied. Delayst equal14
1J(XH). (a) The basic nonselective pulse sequenc

he gradient-enhanced HSQC experiment, using TPPI for quadratu
ection in F 1. (b) Straight introduction of a DPFGSE in sequence (a)
lternativeX-selective pulse sequence in which the spin echoes are

ated by thet 1 period. (d) Introduction of a PFGSE sequence in the HM
xperiment.t9 is the action time of long-rangeX–H couplings.
e

f.

ts
ion

agnetization evolution during the DPFGSE sequence, lea
o

XH group: A~VX! 5 ~P1
2 1 P21

2 !/ 2

XH2 group: A~VX! 5 ~P2
2 1 2P0

2 1 P22
2 !/4

XH3 group: A~VX! 5 ~P3
2 1 3P1

2 1 3P21
2 1 P23

2 !/8. [2]

n these expressions,A(V X) appears to be the convoluti
roduct ofP2(V) by the shape of theX multiplet. Each line
f the multiplet may indeed be considered separatel
eing produced by a fictitious uncoupled nucleus of of

requencyV X 1 npJ. The intensity of each line is the
ndependently modulated by the DPFGSE sequence ac
ng to theP2 function. The effect produced is clearly visib
hen the width of the selectivity profile is less thanJ.
owever, band-selective experiments are not intended
mployed in such a limit situation.
Symmetry in the pulse sequence can be restored by s
PFGSE beforet 1 and the other one aftert 1, as shown in

ig. 1c. The presence of anX inversion pulse beforet 1

nverts the apparent evolution frequency of theX magneti-
ation. The TPPI procedure is modified accordingly
hanging the sign of the phase increment. The separati
he two echoes also affects the selectivity profile. The
ersion pulse in the middle oft 1 exchanges the1H a andb
tates. A new variablef is then needed to expressA(V). A
oft pulse acting on uncoupled nuclei rotates the m
etization around an axis located by means of the sphe
oordinatesu and f. In general, both depend on t
ffset and on the intensity and phase of theB1 field. For
onstant phase pulses,f is simply this phase angle. Angl
n and derived coefficientscn,m are defined for couple
uclei by

fn 5 f~VX 1 npJ! [3]

cn,m 5 cos 2~fn 2 fm!. [4]

he theoretical selectivity profile is then

XH group: A~VX! 5 2~P1P21c1,21!

XH2 group: A~VX! 5 2~P2P22c2,22 1 P0
2!/ 2

XH3 group: A~VX! 5 2~P3P23c3,23 1 3P1P21c1,21!/4.

[5]

The minus sign appears because anI zS1 state is trans
ormed into2I zS1 by thep x(I ) pulse. The result in Eq. [5
ay be found as well by individually considering the lin
f a multiplet, taking into account the label inversion of
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1H spin states induced by the hard inversion pulse.
oefficientscn,m equal 1 if f is independent of the offse
ike for a constant phase pulse. If the bandwidth is m
maller thanJ, then only theXH2 groups respond (with ha
ntensity) because bothP1P21 and P3P23 cannot be signif
cantly different from 0. Equations [2] and [5] were check
umerically using a brute force density matrix treatmen
hich the effect of gradient pulses was evaluated at di
nt positions within the sample. The resulting spin state
alculated as the mean value of the terms of interest ove
ample.
Figure 2 provides an experimental determination of

ectivity profiles and a comparison of the result with theo
t is obtained by the 1D version of the pulse sequence in
c whent 1 has its minimum value. It uses a RE-BURP pu
13) applied to a CH carbon (Fig. 2a) and to a CH3 carbon

FIG. 2. Experimental determination of the selectivity profile achie
y the pulse sequence in Fig. 1c, restricted to the recording of the fit 1

alue. All spectra are recorded on a Bruker DRX 500 spectrometer
ith an inverse mode probe able to produce static field gradients up
z cm21 along thez axis. The compound is 2,3,4,6-acetyl-1-methoxya-

lucopyranose. Gradient strengthsG1, G2, G3, G4, andG5 are 35.5, 19, 15
0, and 10 Gz cm21. Gradient pulses are modulated by an arch of

unction; they last 1.2 ms and are followed by a 0.1-ms recovery delay
elective inversion is ensured by a RE-BURP pulse 5 ms long, cove
000-Hz bandwidth. TheX offset is incremented by 100-Hz steps betw
ubplots. The subplot in the middle of each series corresponds
n-resonance inversion. Continuous lines are theoretical selectivity
les, computed according to Eq. [5]. (a) Test on the anomeric CH g
b) Test on the CH3 group.

FIG. 3. The structure of the test compoun
e

h

n
r-
s

he

-
.
g.

Fig. 2b). The result is not as neat as expected, probabl
o nonlinearities of the shaped pulse modulator in the
oupler channel. However, a slight “melting” of the sel
ivity profile is observed in Fig. 2b, caused by the prese
f three direct heteronuclear couplings. The same 1D p
equence is employed in the calibration of the soft inver
ulse, even though other methods might be employed14).
he technique of spectral restriction used in the pulse
uences in Figs. 1b and 1c applies to other HSQC-re
chemes, like the sensitivity-enhanced PEP-HSQC (15).
The F 1 band-selective HMBC (16) experiment does no

equire systematic refocusing of the1H magnetization. Pro
on multiplets are indeed distorted at the beginning of
ulse sequence, during the delay required by the produ
f X-coupled magnetization (17). The proposed pulse s
uence is shown in Fig. 1d. It is designed to achieve p
odulation duringt 1. Attempts to create amplitude-mod

ated data sets produces cross-shaped correlations as a
escribed in Ref. (18). The benefit of resolution enhanc
ent would then be partly lost, due to an increase in
robability of correlation peak superimposition. As in
SQC experiment, the application of gradient pulses
voided beforet 1 in order to preserve the signal fro
iffusion effect. The second gradient pulse of the PFGS
ombined with the first gradient pulse required for
oherence pathway selection, resulting in a rather sim
ulse sequence.
Feruloylarabinoxylane,1 (see Fig. 3), isolated from whe

ran, presents very close13C resonance lines around
pm. They correspond to the carbon atoms at positions
-3, and C-4 of the xylose units. The ferulic acid par
resent as both thecis and trans forms, leading to two se
f chemical shifts in the arabinose residue. The redu
ylose is also present as a mixture of thea and b forms.
onselective HSQC and HMBC spectra are drawn in F
a and 5a. The spectra in Figs. 4b and 5b presen
1-selective HSQC and HMBC spectra recorded accor

o pulse sequences in Figs. 1c and 1d, respectively.
esolution improvement is particularly impressive in
SQC spectrum. The rapid decay rate of the signals upt 1

ncrease in the HMBC spectrum limits the highest resolu

d
50

e
a

an
o-
p.

eruloylarabinoxylane, extracted from wheat bran.
d, f
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hat can be achieved. Greatert 1max values would only dete
iorate the signal-to-noise ratio.

The adaptation of existing nonselective heteronuc

FIG. 4. (a) The1H–13C HSQC spectrum of compound1. The sample
ith 512 t 1 increments (t 1max 5 25 ms). Only the zone around 76 ppm is
cans were used pert 1 value, resulting in an overall recording time of 2.
equence in Fig. 1c. The selective inversion is ensured by a RE-BUR
pm, with 256t 1 increments (t 1max 5 204 ms). Thirty-two scans were use
equires the phase decrementation of the firstp/ 2(X) pulse at eacht 1 cha
r

orrelation experiments to band-selective ones is stra
orward and requires only a simple pulse calibration o
tion. A limitation of the proposed approach appe

mg) is dissolved in 0.7 mL D2O. The total spectral width inF 1 is 160 ppm
played. Gradient strengthsG1, G2, andG3 are 15, 40, and 10 Gz cm21. Sixteen
(b) TheF 1-selective HSQC spectrum of compound1, recorded with the puls

pulse 5 ms long, as for the spectra in Fig. 2. The total spectral widthF 1 is 10
er1 value, resulting in an overall recording time of 4.0 h. The TPPI proce
e.
(15
dis
8 h.
P
d pt
ng
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hen attempting to use an excitation bandwidth of
rder of magnitude (or less) of the direct heteronuc
oupling constant. The new pulse sequences described

FIG. 5. (a) The1H–13C HMBC spectrum of compound1. The total spect
round 76 ppm is displayed. Gradient strengthsG1, G2, andG3 are 25, 15,
ixty-four scans were used pert 1 value, resulting in an overall recording ti

he pulse sequence in Fig. 1d. The selective inversion is ensured by a

1 is 20 ppm, with 256t 1 increments (t 1max 5 102 ms). Gradient strengthsG
sed pert 1 value, resulting in an overall recording time of 14.9 h.
e
r

ere

hould usefully complete the arsenal of techniques d
ated to structure solving of complex organic molecule
MR.

width inF 1 is 130 ppm, with 512t 1 increments (t 1max 5 32 ms). Only the zon
d 20 Gz cm21. Gradient pulses last 2 ms. The value of the delayt9 is 70 ms
of 13.4 h. (b) TheF 1-selective HMBC spectrum of compound1, recorded with
BURP pulse 2.5 ms long, covering a 16 ppm bandwidth. The total spec

2, andG3 are 15,225, and 20 Gz cm21. One hundred forty-four scans we
ral
an
me
RE-

1, G
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