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ABSTRACT: A modiÐed version of the CAPT sequence with appropriate phase cycling is shown to give 13CM1HN
subspectra containing only quaternary carbon resonances ; only methylene resonances ; only methyl resonances ;
methine and methyl resonances ; or quaternary and methylene carbon resonances. Subtraction of the methyl-only
spectrum from the methine and methyl spectrum produces a subspectrum containing only the methine carbon
resonances. 1998 John Wiley & Sons Ltd.(
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INTRODUCTION

A variety of pulse sequences, including APT,1 CAPT,2
INEPT,3 DEPT,4 spin-Ñip,5 SEMUT6 and
PENDANT,7 allow straightforward recognition of 13C
resonances due to quaternary, methine, methylene and
methyl carbons. In the APT experiment (a commonly
used sequence for multiplicity identiÐcation) with a
spin-echo delay time of 0.008 s, resonances from quat-
ernary and methylene carbons are 180¡ out of phase
with respect to those from methine and methyl carbons.
Spectral editing to obtain subspectra containing only
quaternary and methylene (“C and or methineCH2Ï)
and methyl (“CH and carbon resonances may beCH3Ï)
generated by addition or subtraction of the FID
obtained with the proton decoupler gated o† and the
FID obtained with the decoupler left on during the
spin-echo delay. Further editing may be realized with
three other values of the spin-echo delay. A sub-
spectrum with resonances from only quaternary
carbons is generated using a delay of 0.004 and a
methine subspectrum is produced by subtraction of the
FIDs obtained with delays of 0.0032 and 0.0048 s.1 In
this paper, we show how the CAPT pulse sequence2 can
be used to create heteronuclear multiple quantum
coherence and, with appropriate phase cycling, generate
subspectra containing resonances from only quaternary
carbons (“C onlyÏ), C and carbons, CH andCH2 CH3
carbons, only methylene carbons onlyÏ) or only(“CH2
methyl carbons onlyÏ) without the need for addi-(“CH3
tion or subtraction of FIDs.

RESULTS AND DISCUSSION

The CAPT pulse sequence2 shown in Fig. 1 was devel-
oped as a “J-compensatedÏ version of APT which gives

* Correspondence to : R. E. D. McClung, Department of Chemistry,
University of Alberta, Edmonton, Alberta T6G 2G2, Canada.
Contract/grant sponsor : Natural Sciences and Engineering Research
Council of Canada.

e†ective multiplicity identiÐcation over a much broader
range of values of the one-bond carbonÈproton coup-
ling constant, than APT. Also shown in Fig. 1 areJCH1 ,
the coherence pathways followed by the magnetizations
for quaternary, methine, methylene and methyl carbons.
For clarity, a brief description of the behavior of the
various spin systems as they progress through the
CAPT sequence is given here in order to show how sub-
spectral editing is obtained. The Ðrst 13C pulse creates
transverse carbon magnetization (product operator

which is allowed to couple with its protonC~1)
partner(s) during the Ðrst q period (chemical shift e†ects
can be ignored throughout since they are refocused by

Figure 1. CAPT pulse sequence and coherence transfer
pathways for quaternary (C), methine (CH), methylene

and methyl spin systems.(CH
2
) (CH

3
)
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the 13C 180¡ pulse). At the end of this delay, the impor-
tant coherences for C, CH, and spin systemsCH2 CH3
are those associated with the product operators C~1,

and respec-2H0(1)C~1, 4H0(1)H0(2)C~1 8H0(1)H0(2)H0(3)C~1,
tively. Here we use the symbols C and H to represent
the angular momentum operators for the carbon and
proton spins, and use spherical components8 because
each product operator is unambiguously associated
with a single coherence level. The coherence fromC~1
the quaternary carbons is una†ected by all 1H pulses,
but the Ðrst pulse transfers the coherences from90H¡
level p \ [1 into heteronuclear multiple quantum
coherences for the spin systems :CH

n
2H

B1(1) C~1
(p \ 0, [2) for CH; (p \ ]1, [3)4H

B1(1) H
B1(2) C~1

and (p \ [1) for and4H
B1(1) H

Y1(2) C~1 CH2 ;
(p \ ] 2, [4) and8H

B1(1) H
B1(2) H

B1(3) C~1
(p \ 0, [2) for All of these8H

B1(1) H
B1(2) H

Y1(3) C~1 CH3 .
coherences are invariant to spinÈspin coupling and
chemical shift precession during the q@/2È180H, C¡ Èq@/2
period so that the pulses simply invert the signs180H, C¡
of the spherical components of all operators, and the
second 1H 90¡ pulse converts the multiple quantum
coherences into coherence level] 1 antiphase carbon
magnetizations. The carbon magnetizations (C

`1,
and for C,2H0(1)C`1, 4H0(1)H0(2)C`1 8H0(1)H0(2)H0(3)C`1

CH, and respectively) have phase di†erencesCH2 CH3 ,
which reÑect the phases of the 1H pulses and the spin
system: 0 for C; for CH; 0 and^(/4[ 2/5] /6)

for and^2(/4[ 2/5] /6) CH2 ; ^(/4[ 2/5] /6)
and for In the original CAPT^3(/4[ 2/5 ] /6) CH3 .
implementation, the phases of the proton pulses were
chosen so that the antiphase carbon magnetizations
were e†ectively “storedÏ as multiple quantum coherences
during the period and were simplyq@/2È180H, C¡ Èq@/2
inverted in sign and carbon coherence level by the

part of the sequence, and the90H¡Èq@/2È180H, C¡ Èq@/2È90H¡
value of q@ was chosen in order to maximize the conver-
sion of any residual carbon magnetizations into anti-
phase carbon magnetization for spin systems with JCH1
values di†erent from the nominal value used to set the
value of q, and thereby achieve “J-compensation.Ï

In the present application of CAPT, we set q@ to a
very short value (0.0001 s), thereby losing any “J-
compensation,Ï and chose the phases of the pulses in
order to acquire signals selectively from only some of

the spin systems present in the sample while reject-CH
n

ing those from other spin systems. The coherence trans-
fer diagrams given in Fig. 1 show that the pathway
followed by the magnetization of quaternary carbons
are also followed by some of the methylene carbon
magnetization, and the pathways followed by the mag-
netization of methine carbons are also followed by some
of the methyl carbon magnetization. It is, therefore, not
surprising that one can obtain a subspectrum contain-
ing CH and carbon resonances, or a subspectrumCH3
containing only resonances from C and carbons,CH2
with no decrease in sensitivity. By cycling the phases for
the proton pulses and the receiver in an appropriate
manner, one can obtain subspectra which contain only
quaternary carbon resonances (essentially blocking
signals which are a†ected by the proton pulses), only
methylene resonances, or only methyl resonances, but
the last two have lower sensitivity than APT. One
cannot generate a subspectrum which contains only
methine carbon resonances by phase cycling. The phase
cycles used to generate the various subspectra are given
in Table 1. In addition to providing selective acquisition
of appropriate subspectra, these phase cycles suppress
artifacts due to pulse imperfections.

The 10È73 ppm regions of the natural abundance
13CM1HN CAPT spectra of 100 mg of cholesterol in 0.5
ml of obtained with the phase cycles given inCDCl3
Table 1 are compared with the corresponding APT
spectrum in Fig. 2. All spectra were obtained on a
Bruker AM-300 spectrometer operating at a 13C fre-
quency of 75.469 MHz with a relaxation delay of 2 s
between scans, 64 scans per spectrum (256 scans for the

onlyÏ spectrum and 264 for the onlyÏ“CH2 “CH3
spectrum) and a Lorentzian line broadening of 1.2 Hz.
Overall, the quality of the edited subspectra is very
good, showing excellent suppression of unwanted reso-
nances. The sensitivities of the “C only,Ï “C and CH2Ï
and “CH and subspectra are the same as that forCH3Ï
the conventional multiplicity edited APT-type spectrum
[Fig. 2(A)] since no pathways are blocked for the selec-
ted spin systems in the phase cycles used to generate
these subspectra. However, the onlyÏ and“CH2 “CH3
onlyÏ subspectra have lower signal-to-noise (S/N) ratios
because some of the or magnetization followsCH2 CH3
pathways which are blocked by the phase cycles.

Table 1. CAPT phase cycles for subspectraa

Spectrum/ CH and CH2
phase Editedb CH3 C and CH2 C only only CH3 only

/1 0 1 0 3 2 0 0 0 0
/2 0 2 0 2 3 1 3 1 1 0 1 0 0 0 1 1 2 2 3 3 0 2 0 2 3 1 3 1 0 0
/3 0 0 3 3 1 0 1 0 0 2 1 3 0 0 3 3 0 0
/4 1 3 3 1 0 2 0 1 3 2 0 0 2 0 2 2 0 0 1 2 3 (6) 0 1 2 3 4 5
/5 0 0 0 2 2 0 0 0 0
/6 1 3 3 1 2 0 0 2 0 0 1 1 2 2 3 3 1 3 3 1 0 0
/R 0 0 2 2 2 2 0 0 1 2 1 2 0 0 0 2 2 2 2 0 0 0 2 0 2

a Integers represent phase shift multiples of 90¡, except for in onlyÏ which represents a phase shift multiple of 60¡./
i

/4 “CH3b Conventional APT-like multiplicity edited spectrum.
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Figure 2. Comparison of the conventional APT multiplicity edited spectrum of cholesterol with CH and carbonCH
3

resonances up and the C and carbon resonances down (A) with the CAPT subspectra obtained with phase cyclesCH
2

given in Table 1: ‘CH and (B) ; ‘C and (C) ; only’ (D) ; ‘C only’ (E), only’ (F).CH
3
’ CH

2
’ ‘CH

2
‘CH

3

For comparison, the APT “CH and and the “CCH3Ï
and subspectra obtained by the addition and sub-CH2Ï
traction of the FID obtained with the proton decoupler
gated o† and the FID obtained with the decoupler left
on during the 0.008 s spin-echo delay in the APT
sequence1 are shown in Fig. 3. There are a number of
subtraction artifacts at a level of about 10% even
though a line broadening of 3.5 Hz was applied to the
FIDs. The incomplete cancellation of the resonances is
probably due to very small di†erences in sample tem-
perature in the presence and absence of decoupling.
Addition and subtraction of CAPT spectra can be per-
formed to obtain further subspectral editing. A “CH2
onlyÏ subspectrum generated by subtracting an appro-
priate multiple of the “C onlyÏ subspectrum from the “C
and subspectrum gave extremely good cancel-CH2Ï
lation of quaternary carbon resonances, but this “CH2
onlyÏ subspectrum had a lower S/N ratio just as the

onlyÏ subspectrum generated directly [Fig. 2(D)]“CH2
does. Similar results are shown in Fig. 4, where a “CH
onlyÏ subspectrum obtained by subtraction of an appro-
priate multiple of the onlyÏ subspectrum from the“CH3
“CH and subspectrum is compared with the “CHCH3Ï
and subspectrum. Here the elimination of methylCH3Ï
resonances is e†ective, but small features remain at the
positions of some of the methyl carbon resonances. This
lower sensitivity suggests that a “CH onlyÏ acquired with
DEPT4 using a 90¡ conversion pulse would be the pre-
ferred method.

Inverse 1D and 2D proton editing pulse sequences
using conventional phase cycling procedures have been
developed in which selection is achieved by variation of
the delays in INEPT-type transfers,9 variation of the
Ñip angle of the Ðnal proton pulse in DEPT,10 or multi-
ple quantum Ðltering.11 A number of gradient-based
proton-detected editing sequences which use multiple

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 445È448 (1998)
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Figure 3. ‘CH and (A) and ‘C and (B) subspectra of cholesterol obtained by addition and subtraction of FIDsCH
3
’ CH

2
’

from APT experiments with the decoupler left on or gated oþ during the spin-echo delay (see text for details).

Figure 4. CAPT ‘CH and subspectrum (A) of cholesterol and a ‘CH only’ subspectrum (B) generated by subtractingCH
3
’

an appropriate multiple of the only’ subspectrum.‘CH
3

quantum Ðltering have also been described.12 In this
paper we have shown that it is possible to generate
exceptionally clean subspectra using multiple quantum
Ðlters with carbon detection without the need for the
addition or subtraction of data. This approach should
be of interest to users of older spectrometers which lack
Ðeld gradients and inverse detection capabilities.

Acknowledgement

This research was supported in part by the Natural Sciences and
Engineering Research Council of Canada.

REFERENCES

1. D. W. Brown, T. T. Nakashima and D. L. Rabenstein, J. Magn.
Reson. 45, 302 (1981) ; S. L. Patt and J. N. Shoolery, J. Magn.
Reson. 46, 535 (1982).

2. A. M. Torres, T. T. Nakashima and R. E. D. McClung, J. Magn.

Reson. A 101, 285 (1993).
3. G. A. Morris and R. Freeman, J. Am. Chem. Soc. 101, 760 (1979) ;

D. P. Burum and R. R. Ernst, J. Magn. Reson. 39, 163 (1980).
4. D. T. Pegg, D. M. Doddrell and M. R. Bendall, J. Chem. Phys. 77,

2745 (1982).
5. M. R. Bendall, D. M. Doddrell and D. T. Pegg, J. Am. Chem. Soc.

103, 4603 (1981).
6. O. W. S. H. and H. J. Jakobsen, J.SÔrensen, DÔnstrup, BildsÔe

Magn. Reson. 55, 347 (1983).
7. J. J. Homer and M. C. Perry, J. Chem. Soc., Chem. Commun. 373

(1994) ; J. J. Homer and M. C. Perry, J. Chem. Soc. Perkin T rans. 2
533 (1995).

8. T. T. Nakashima and R. E. D. McClung, J. Magn. Reson. 70, 187
(1986).

9. T. Parella, F. Sanchez-Ferrando and A. Virgili, J. Magn. Reson. A
126, 274 (1997) ; D. G. Davis, J. Magn. Reson. 91, 665 (1991).

10. T. Domke and D. Leibfritz, J. Magn. Reson. 86, 180 (1990).
11. H. Kessler, P. Schmieder, M. Koch and M. Reggelin, J. Magn.

Reson. 91, 375 (1991).
12. M. Liu, R. D. Farrant, J. K. Nicholson and J. C. Lindon, J. Magn.

Reson. A 112, 208 (1995) ; M. Liu, R. D. Farrant, J. K. Nicholson
and J. C. Lindon, J. Magn. Reson. B 106, 270 (1995) ; T. Parella, F.
Sanchez-Ferrando and A. Virgili, J. Magn. Reson. A 117, 78
(1995).

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 445È448 (1998)


