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A pulse sequence DEPTQ yielding the signals and multiplicity The second variant is probably superior because there is r
information for all carbon types including the signals of quater- possibility of overlap of Cq with CH signals but may be
nary carbons and encompassing all the known advantages of the  hampered by additional relaxation losses with the prolonge
basic DEPT experiment is proposed. Its behavior has been studied pulse sequence compared to the one-pulse experiment. F
theoretically and experimentally and has been compared critically o . L )

complete spectral editing, a procedure of increasing interest fc

with alternative methods dedicated for the same purpose. Its full d I Vsi | h df t
marked insensitivity to experimental parameters and its potential ully automated spectral analysis, at least three and four su

for complete and efficient spectral editing makes DEPTQ the ideal ~ €XPeriments with diﬁgrent flip angles of tHel Selection pulse
experimental platform for a semi- or fully automated analysis of ~Mmust be performed with DEPT and SEMUT respectively. The

1D 3C spectra.  © 1998 Academic Press behavior of these two experiments for complete spectral edit
Key Words: NMR; 1D **C spectroscopy; **C multiplicity; spec-  ing has been compared, and optimized conditions with respe
tral editing. to the flip angle of the'H selection pulse and the number of

scans for the corresponding subexperiments have been d
scribed 2, 14. Modifications for both experiments for improv-
ing the editing accuracy have been proposed, such as additior
Tphase alternation schemes and composite pulses for DERPT (
and the use of unequal delays and purging pulse sandwich
jNstead of*H-180° pulses for molecules with largéc,, vari-
jons and to minimizel-cross talk effects for DEPT and

INTRODUCTION

Multiplicity dependent 1D*3C experiments such as DEP
(1), SEMUT @), APT (3), INEPT @), and PENDANT §)
belong to the most common and popular tools for the elucid

tion and characterization of molecular structures on a routi 8 . 1
level, although they are increasingly replaced nowadays By-MUT with (15, 1§ and without {7) “H broadband decou-

modem*H-detected heteronuclear 2D shift-correlation expeP/ing during acquisition. Comparisons showed that SEMUT
iments including experiments with carbon multiplicity select18) and its modified versionslf) provide lessSN in the final -
tion (6—11). Because of the low cross-talk dependence on sSubspectra of Ciiand are slightly more sensitive to experi-
spread inJ couplings, the low dependence on pulse imperfegjental p.arameters than DEPT and its correspondingly mod
tions and the high editing accuracies achieved with DEPT afigd versions.

SEMUT in comparison with APT, INEPT, and PENDANT, The aim of our efforts was to develop a pulse sequence base
and the capability to calculate multiplicity selective subspectr@) DEPT, yielding the signals of all carbon multiplicities,
one of these two experiments is usually applied. The stificluding the signals of quaternary carbons, offering the capa
popular APT experiment is almost exclusively used for parti&ility for complete and efficient spectral editing, and encom-
editing to distinguish CHICH and CH/Cq signals from each passing all of its advantages such as the low dependence
other, an approach often sufficient to successfully solve simgtéscalibrated experimental parameters and simplicity for com
spectroscopic problems. In contrast to the APT and the Splete spectral editing. In this Communication a correspondin
MUT sequence DEPT yields exclusively the signals of protoipulse sequence DEPTQ (Fig. 1) provided with all these at
bearing carbons CH whereas the signals of quaternary catributes is presented and is compared with competitive alter
bons Cq are suppressed. As a consequence and to coffdletenatives for complete spectral editing. Compared to the basi
data DEPT is usually combined with a one-pulS€ experi- DEPT experiment two furthel®C pulses (a third one prior to
ment or the “Cg-only” (SEMUT-90) sequence as proposeatquisition is optional) and an extra delay B21/(2 *J¢,)
independently by Doddredt al. (12, 13 and Bildsgeet al.(2). have been included at the beginning of the pulse sequenc
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FIG.1. Schema of the DEPTQ pulse sequence used to record multiplicity-dependé?@ $Pectra including the signals of quaternary carbons. P1, P2 an
P3, P4 denote proton and carbon 90°, 180° pulses respectively. PO denotes the proton selection pulse, and [2(RJsg).t&i, the initial »*C pulse, may
be set to 90° or may be adjusted to the longest. T the latter case and to take full advantage of the additional sensitivity gain for quaternary carbons the
90° **C pulse is no longer optional. The phase cycles used in this experimentiwered(—y); ®, = 4(x); @5 = X, =X, ¥, =Y; ®, = X, =X, ¥, —Y; Os
= 4(x); Pg = 4(y); ®; = X, =X, X, =X; Pg = 4(—X); Pec = Y, ¥, Y, —Y. To disentangle the signals of proton-bearing and of quaternary carbons ar
for spectral editing, two subexperiments with the phégef the initial carbon pulse set to 4f/) and 4(y) must be performed, and the corresponding data sets
must be added to and subtractacted from each other respectively.

Since the magnetiziations of GRignals when compared with cycling is used to get rid of these unwanted line distortions bu
DEPT are completely unaffected by these additional elememégnoves unfortunately the signals of quaternary carbons &
in the DEPTQ sequence and are identical within experimentaéll. Applied in this way DEPT exploits exclusively the initial
error and since the sensitivities for Gldignals obtained with proton polarization, whereas SEMUT and APT exploit exclu-
DEPT and SEMUT are more or less the same, tBé\ will  sively the initial, NOE-enhanced carbon polarization. This is
not be compared here. The subsequent investigation focuseshenfundamental difference between the two types of experi
complete spectral editing with the aim to obtain the subspectreents.
of all carbon multiplicities and on a comparison of the overall Compared to the basic DEPT experiment additioht
sensitivity per unit time and the editing accuracy in the sulpulses and an additional delay D2 have been introduced in th
spectra of quaternary carbons measured with DEPTQ abB8PTQ experiment. These additional elements and an adt
SEMUT. The comparison is furthermore restricted to the singuate setting of RF pulse phases are responsible for wh
plest forms of the experiments and the detectioArbbroad- coherences of quaternary carbons survive and unwanted cohe
band decoupled spectra since neither DEPT nor SEMUT ameces causing unwanted line distortions for proton-bearin
suitable for editing of coupled®C spectra in these circum-carbons are cancelled in the course of the pulse sequence ir
stances 17). single scan. They have no effect on the initial proton polariza
Whether complete editing, using either DEPTQ or SHion and hence on the intensity of the CKignals in the
MUT, partial editing, or no editing at all should be perspectrum as outlined above. The carbon pulses act on the initi
formed and whether the sensitivity or the editing accuracy tarbon polarization as two simple spin-echoes, with the Cq
the subspectra is of prime importance highly depends on tsignals refocused twice and not affected by the second ar
actual problem and on the spectroscopists personal prefiird *3C 90° pulses. This is demonstrated in terms of produc
ences. operators 19) for a spin system consisting of a CH and a Cq
It is well known that with the basic DEPT experiment angroup (Table 1). ThéH-selection pulse PO and the delay D2
with a single scan the signals of all carbon multiplicities—are set to 135° and/(2 *J,,) respectively, and proton and
including quaternary carbons—may be detected. In a singlarbon chemical shifts are set to zero for simplification. Prod
scan>C responses of proton-bearing carbons are the superpot operator expressions calculated for the RF pulse pha:s
sition of coherences originating from the initital proton polarsettings of the first scan are given for selected evolution stage
ization (yyl,), transformed into transverse carbon coherencerrespondingly marked in Fig. 1.
by polarization transfer and the initial carbon polarization It is obvious that the responses of CH and Cq may be
(vcle,), whereas'™C responses of quaternary carbons origdetected, that the corresponding signals are both absorptive a
nate exclusively from the initial carbon polarization. Since thia antiphase to each other, and that the same theoretical se
acquired carbon coherences of different origin are 90° out sitivity for CH as calculated for DEPT is obtained. Further-
phase to each other, they give rise to line distortions for timeore it follows that the corresponding signals originate from
signals of proton-bearing carbons in single-scan spectra. Phsisgle terms—for CH from the initidiH polarization ¢! ,),
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TABLE 1
Characterization of the DEPTQ Pulse Sequence in Terms of Product Operators

1 2 3 4 5
CH Yhil bz ~Yulhy Y2l oy =0.7 yi2liil oy =0.7 yi2liil oy
=0.7 2l ;) oy 0.7 Yl ox
Yelez ~v2lpyley Y2y, 0.7 vclx 0.7 y2lpylc,
0.7 yclyz 0.7yclpz
Cq vdle, —vclex ~Yclex ~Yclex —7vclex

Note.Corresponding expressions for a CH and a Cq group are given for selected evolution stages correspondingly marked in Fig. 1. Both coherence p
for the CH system originating from initial proton and carbon polarization respectively are shown. Final terms responsible for the measured spectrum ar
in bold type. The'H-selection pulse PO and the delay D2 have been set to 1351 /42t,,) respectively, and proton and carbon chemical shifts have beel
set to zero for simplification.

for Cq from the initial*3C polarization ¢l .,)—giving rise to this investigation was as follows. A sample of eugenol
no unwanted line distortions. The same results are valid for thssolved in acetone-d6, covering all carbon multiplicities
other carbon multiplicities Ckland CH, as well and—most and covering a wide range 6., coupling constants, was
important—are achieved in a single scan with no phase cyclinged for the measurements.
at all. First the relaxation delay D1 was varied for all three exper-
The optional third**C 90° pulse, which leaves the cariments, DEPTQ, SEMUT, and the one-pulS€ experiment,
bon magnetizations of GHunaffected, is applied in con-in order to study and maximize tH&N per unit time for the
junction with smaller tip angles for the initidfC pulsem Cq's. As a result similar D1 dependencies were obtained witl
(Ernst angle) for optimizing theS/N of Cq's with long SEMUT and the one-pulse experiment with a maximum—
longitudinal relaxation times. It reestablishes the magnethking into account all three quaternary carbons of eugenol—z
zation of quaternary carbons in tlya plane prior to acqui- p1 = 2 's. A higherS/N for the one-pulse experiment than
sition and prevents phasing problems with the correspongr the SEMUT experiment was observed throughout whick
ing signals. must be attributed to additional losses due to relaxation an
pulse imperfections with the longer pulse sequence. Witt
RESULTS AND DISCUSSION DEPTQ on the other hand the highé¥N per unit time for
Both pulse sequences DEPTQ and SEMUT have bqu's was obtained with re!axation delays close to zero. _Th(
designed for complete spectral editing, i.e., for the fin%rN measured for D1= 0 is almost the same as t_hat W'th
' ' EMUT but smoothly and steadily decreases with increasin

calculation of multiplicity selective carbon subspectra: tion del This diff t behavi t be attributed t
Therefore comparative experiments have been performecf?ﬁaxa lon detays. This ditierent behavior must be attrbuted i

a corresponding manner, although the main interest focuéjé erent amounts OT heteronuclear NOE built up from the
on the behavior of quaternary carbons for the reasons oflfaternary carbons in the course of the two pulse sequence
lined above. However a comparison of the sensitivity arc®” SEMUT the NOE buildup occurs in both the acquisition
the editing accuracy in Cq subspectra on the basis of eq@ﬁﬁ the .relaxatlc.)n period but is rgstrlcted to the acqwsmc_)r
total measuring times is not so straightforward sinc%er!Od Wl-tharapld NOE decrease in t.he subsequent relaxatic
DEPTQ, SEMUT, and the basic one-pul$€ experiment— period with no*H broadband decouphpg for DEI?TQ. There-
included as the reference experiment—undergo differefre and for quaternary carbons exhibiting NOE in general the
mechanisms, and different procedures to measure and &Qbsitivity gain for the corresponding signals achieved with
culate carbon subspectra are followed with the editing seEMUT compared to DEPTQ depends on the amount of di
quences. Different parameters for data acquisition and pRflar interactions, i.e., the number and spatial proximity of
cessing such as repetition rates or mixing factors, bofi¢arby protons and the relaxation delay D1. With the investi
optimized for maximumS/N and most convenient for datagated sample this sensitivity gain (per unit time) is close to zer
processing respectively, have been proposed for DERY (for D1 = 0 s and increases to about 35% for B s. Because

(valid for DEPTQ as well) and SEMUT3]. As a conse- Of this different behavior the relaxation delay D1 should be
quence of such an individual experimental setup, differeagjusted according to the corresponding T1(C) for SEMUT bu
number of scans would have to be acquired within the sargleould be adjusted—in a way similar to that for the basic
total measuring time for each experiment, and differemEPT experiment—to the corresponding T1(H) for DEPTQ.
noise levels would result for the corresponding spectra. For DEPTQ the relaxation delay should be set as short a
make the comparison on the basis of equal total measuripassible for highest Cq sensitivity, but long enough for ade-
times as clear as possible the experimental procedure fpuate CH sensitivity. Despite this difference and to not further
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complicate the comparison, the same relaxation delay=D1 for Cq is simply caused by the fact that the signals of Cq anc
2 s, optimized for the NOE-enhanced one-pulse and the SE-,—in contrast to DEPTQ—both originate from inital car-
MUT sequence, was used for all subsequent experiments. Bon polarization and, irrespective of thel selection pulse,
DEPTQ and SEMUT the delay D2 1/(2 *J,,) was adjusted appear with the same sign in the corresponding subspectr
to a one-bond coupling constant of 145 Hz. For DEPTQ thehis necessitates the unfavorable processing scheme outlin
initial carbon pulse was set to 90°, and the final (optional) 9@bove, heavily affecting the over&IN in order to completely
carbon pulse was omitted. disentangle Cq and Chbignals in the final edited subspectra.
The following experiments were then carried out with thAs a consequence SEMUT alone is obviously not the bes
same total number of acquired scans for each method in ordeproach for complete spectral editing and as recommended
to compare the results on the basis of exactly the same tdted literature 2, 12 should be applied in combination with
measuring time: DEPT as a “Cg-only” sequence with th selection pulse set
to PO = 90° and D1 adjusted accordingly for this purpose.

1. With DEPTQ two subexperiments solely differing in th EMUT-90 yields by far the be/N per unit ime as shown

phase {x) of the initial carbon pulse (Fig. 1) were carried out Fig. 2 (spectrum C).

1 H o o )
fé)rur;l: ;TriieT os%e;i;tr'gn(lsgsle; \(/Ege%er’f(?romég?grla?lssi)).( We believe, however, that with DEPTQ an even better anc
qual o P more efficient strategy for complete spectral editing is now
experiments, giving a total of 96 scans, and the correspond|erl1 ilable and that DEPTQ instead of DEPT should be com
data were stored separately. In a first step the two data S84 with SEMUT-90 to make best use of the available
acquired for eachH selection pulse were added and subtractemeasuring time. The procedure we propose for this most sel

from each other, yielding two preprocessed data sets with tsr,]lﬁve approach per unit time would be as follows: In a first stef

signals of the Cijand _Cq groups respectively. In a_seco_nd Ste:?nd with the relaxation delay adjusted according to T1(H) for
the three data sets with the Gldignals were combined in the .
: . . . H, in the same way as for DEPT, DEPTQ spectra are
usual way to finally obtain the corresponding edited subspectra” . . .
. acquired until th&s/N is adequate for protonated carbons. Note
(not shown) for CH, CH, and CH, respectively, whereas the L . .
: ) ; that short relaxation times D1 are no handicap for the detectio
three data sets with the Cq signals were simply coadded a , o .
. ' . : g’s exhibiting heteronuclear NOE as outlined before. In a
processed to give the final Cq edited subspectrum (Fig. . :
sécond step and only in case tB& for quaternary carbons is

spectrum A).‘ - . . not sufficient, a SEMUT-90 experiment with the relaxation
2. Following the guidelines and recommendations given for

SEMUT (2) aimed to simplify data processing and to makeelay adjusted accor_dlng to T1(C) to most efficiently measure
) . dquaternary carbons is performed, and the data are coadded

best use of the measured data, four subexperiments wn?ih-ltheth edited DEPTQ quaternary data urgiN is adequate as

selection pulse PO set to 0°, 60°, 120°, and 180° were carriv%(e?" q y g

out. For the four data sets, an equal number of scans{NS" "~

24), giving the same total of 96 scans as for DEPTQ, were

acquired, were stored separately, and were combined to calcu-

late the subspectra for all carbon multiplicities according to the_l_he roposed DEPTQ pulse sequence is a sensitive ar
recipe given in the literature. To calculate the final Cq sub- prop P q

spectrum (Fig. 2, spectrum B) the two pais of data obtaing PO T8 P ORI, S O
with the selection pulse set to P8 0°, 180° and P0O= 60°, P P y:

120° were coadded separately in a first step, and the cortr%—the basic DEPT experiment it yields the signals of all

sponding preprocessed data sétandU were then combined cz_arbon mult|_p_l|(_:|t|es, including those of quaternary carbons,
; . : o without sacrificing any of the well-known advantages of the
in a second step accordingtb— cosp - X with p = 60°. To

compare the result with the results of the other experiments BnEPT experiment such as the low dependence on miss

) : experimental parameters and the dependence on couplir
the basis of equal noise levels spectrBmvas scaled accord- ; T .
. L constants in the case of larddc,, variations. This makes
ing to these mixing factors.

3. With the ™H selection pulse PO set to 90°, a “Cq-only’DEPTQ a valuable stand-alone experiment for complet

experiment, acquiring 96 scans, was performed with SEMlFI‘C(aCtraI editing, i.e., for obtammg |nd|V|(_juaI Cq, CH, QH.
h and CH; subspectra, and makes it superior to correspondin
(Fig. 2, spectrum C).

. . alternatives such as the less sensitive SEMUT experiment
4. As areference a one-pulsC experiment with 96 scans .
. : the recently proposed PENDANT sequence hampered by i
was carried out (Fig. 2, spectrum D). i, : . O
lower editing quality. Most efficient for complete editing in
As a result, and most obvious from Fig. 2, improved sensiiew of the highest sensitivity per unit time, however, is the
tivities are achieved mainly for Cq—but to a minor extent alscombined application of DEPTQ and SEMUT with the latter
for CH,—(not shown) with DEPTQ compared to SEMUT ifperformed as a “Cg-only” experiment (SEMUT-90). This
applied as single methods for complete spectral editing. Costrategy followed in those cases where 81 achieved with
parable editing accuracies for Cq and (Cate obtained with DEPTQ is adequate for protonated carbons, but is not ye
these two methods. The lower efficiency of SEMUT observetiequate for quaternary carbons, is obviously superior to th

CONCLUSIONS
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FIG. 2. Comparison of the DEPTQ, SEMUT, SEMUT-90, and the one-pti€e(reference) experiments applied to eugenol dissolved in acetone-dé6 ar
performed on a BRUKER DRX-400 spectrometer, with 90° pulse lenghts of 9.1 and 6.2 Y &od**C respectively. The DEPTQ and SEMUT experiments
were set up and applied for complete spectral editing as described in the text, whereas SEMUT-90, yielding exclusively the signals of quaternary carbc
applied for comparison. Several subexperiments with diffeldrgelection pulses were performed with DEPTQ and SEMUT, and the corresponding data we
stored separately. The same relaxation delay DA s) and the same delay for coupling evolution (B3.45 ms) were used throughout. An equal total number
of scans were acquired within the same total measuring time with each experiment. As a result the corresponding Cqg subspectra (expansion 110—
obtained with DEPTQ (A), SEMUT (B), and SEMUT-90 (C) are shown together with the corresponding spectrum of the one-pulse experiment (D). The re
signal at 115.2 ppm, visible in all edited spectra, originates from the olefinic methylene group.

combined application of the basic “Grbnly” DEPT exper- structures may be solved by partial instead of complete
iment and SEMUT-90 recommended in the literature. Akditing of carbon spectra, performing well-established meth
though many of the more routine problems with moleculards such as APT, SEMUT-180, DEPT-135, or no editing a
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all and although powerful 2D alternatives exist for this7.

purpose, highly efficent 1D methods for complete spectral
editing, including the signals of quaternary carbons, will bé3
valuable tools for daily routine use and will be the prereq®:

uisite for a fully automated spectral analysis.

hw
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