
/ . Am. Chem. Soc. 1981, 103, 4603-4605 4603 

Acknowledgment. This work has been generously supported 
by grants from the National Science Foundation (CHE-79-0389), 
the National Institutes of Health (GM 26671-01), and a NATO 
Research Grant (No. 1321). The computing expenses have been 
covered by grants from the University of Iowa, Graduate College. 

Supplementary Material Available: Structure factors and 
positional coordinates for (Ph4P)2[Fe(WS4)2(HCON(CH3)2)2] 
(22 pages). Ordering information is given on any current 
masthead page. 

Editing of 13C NMR Spectra. A Pulse Sequence for the 
Generation of Subspectra 

M. R. Bendall,* D. M. Doddrell, and D. T. Pegg 

School of Science, Griffith University 
Nathan, Queensland, 4111, Australia 

Received March 9, 1981 

In this article we describe a simple multinuclear pulse sequence, 
sequence 1, which enables the acquisition of 13C spectra containing 
just CH3 and CH resonances or just CH2 and quaternary carbon 
resonances. The sequence has the advantage of accurate can­
cellation of the unwanted resonances. 

C 

H 

„ 
2 

1 

ZJ 
1 

»[1,0] 

acquire, add or subtract 
alternate scans 

decouple 

(D 

The key to the mechanism of this sequence, illustrated in Figure 
1, is the judicious use of the ir[H;l,0] refocusing pulse, [1,0], 
signifying that the pulse is applied for alternate scans only. Figure 
ld,i illustrates the outcome of the sequence for a CH and CH2 

group, respectively, at the point at which the decoupling field is 
introduced, for scans in which the ir[H] pulse is omitted, and 
Figure Ie j illustrates the outcome for scans in which a ir[H] pulse 
is used. For a CH3 group (not illustrated! it can be easily shown 
that the various carbon vectors are refocused along the y or -y 
axis as for a CH group in Figure ld,e. Assuming proton coupling 
is small, quaternary carbons are unaffected by the sequence except 
that precession due to chemical shift and field inhomogeneity is 
refocused back to the y axis as for a CH2 group in Figure li,j. 
From Figure ld,e,ij it is clear that alternate use of the 7r[H] pulse 
and addition of alternate scans produces a spectrum containing 
only CH2 and quaternary carbon resonances, and subtraction of 
alternate scans produces a spectrum containing only CH and CH3 

carbon resonances. Spectra of cholesterol, obtained in this manner, 
are shown in Figure 2. As often occurs in 13C spectra, several 
of the cholesterol CH and CH2 resonances are close together. 
Cancellation of signals, rather than inversion of some signals 
relative to others, is obviously preferable in such instances and 
is necessary for quantitative studies. 

Spectral editing of this sort has been recently achieved by using 
the INEPT sequence.1,2 However, sequence 1 has clear advan­
tages over the INEPT sequence. Single-bond CH coupling 
constants vary somewhat; so an average J value must be used in 
setting the free precession periods in sequence 1 and the INEPT 
sequence. Divergence from this average / value leads to residual 
carbon signals instead of exact cancellation, but in general the 
cancellation is more exact for sequence 1 than for INEPT. For 
example, by using the INEPT sequence CH2 and CH3 signals may 
be cancelled after a total free precession period for the carbon 
vectors of (27)"1 s.1 Although the INEPT sequence is marginally 
less sensitive to error in / for the cancellation of CH3 signals than 
is sequence 1, it is straightforward to show that a 5 error in J leads 
to a 15.6% residual CH2 signal for INEPT, whereas for sequence 

(1) Doddrell, D. M.; Pegg, D. T. J. Am. Chem. Soc. 1980,102, 6388-6390. 
Morris, G. A.; Freeman, R. Ibid. 1979, 101, 760-761. Burum, D. T.; Ernst, 
R. R. J. Magn. Resort. 1980, 39, 163-168. 

(2) Thomas, D. M.; Bendall, M. R.; Pegg, D. T.; Doddrell, D. M.; Field, 
J. J. Magn. Resort. 1981, 42, 298-306. 
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Figure 1. Because precession in the rotating frame due to chemical shift 
and field inhomogeneity is refocused at the end of the free precession 
period by theV[C] pulse, precession due only to proton coupling is shown, 
(a) After a (;r/2)[c,A!] pulse, the magnetization vector of 13C nuclei 
coupled to protons, which is initially along the y axis of the rotating 
frame, splits into a clockwise rotating vector (CA) and an anticlockwise 
rotating vector (C8), corresponding to whether the protons are in the +z 
(HA) or -z eigenstate (H8), respectively, (b) After the first period of 
(2Jy1 s, where J is the single-bond coupling constant, CA and C8 have 
precessed 90°. (c) A T[C] pulse along the y axis, say, swaps CA and C8. 
(d) After the second period of (27)"1 s, CA and C8 are refocused along 
the y axis, (e) If after the first period of (2J)~l s, a T[H] pulse is 
introduced, the precessional direction of the CA and C8 vectors are re­
versed and refocused along the -y axis after the second period of (,2J)'1 

s- (O-(J) Vector positions for a CH2 group at the same stages during the 
sequence as shown for a CH group in (a)-(e), respectively. The carbon 
magnetization vector splits into three vectors C1-A, C1|8, and C0 corre­
sponding to whether the attached protons are both in the +z eigenstate 
(HliA), both in the -z eigenstate (H18), or are opposed (H0,A and H0,8). 

1 the residual signal would be only 1.2% of the total. Another 
advantage is that, unlike INEPT, the CH/CH3 and CH2/qua-
ternary subspectra can be compared directly with a normal 
spectrum obtained with sequence 1 but without using the ^r[H] 
pulse. In fact, if the alternate scans are averaged into two different 
memory blocks, the three spectra, as in Figure 2, are available 
from the one experiment. Again, unlike INEPT, the same spectral 
simplifications are obtained by using off-resonance decoupling 
during acquisition, and the subspectra may be obtained with or 
without nuclear Overhauser enhancements. Although the INEPT 
sequence provides a one-third theoretical advantage in sensitivity 
over spectra obtained with the full nuclear Overhauser en-
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Figure 2. 13C spectra6 of cholesterol obtained by using sequence 1. 
scans, and (c) with the subtraction of alternate scans. 

(a) Without the application of the ir[H] pulse, (b) with the addition of alternate 

hancement, this advantage is difficult to realize in full experi­
mentally because of pulse imperfections in the complete seven-pulse 
INEPT sequence.2 

A major use of the sequence will be in the assignment of 13C 
spectra. Where there is confusion between CH and CH3 reso­
nances in the CH/CH3 subspectrum, resonances can be assigned 
by obtaining a CH spectrum using INEPT or by using off-reso­
nance decoupling during acquisition with sequence 1. Aromatic 
quaternary carbon resonances and aromatic CH resonances are 
completely separated by using the technique. Aliphatic quaternary 
carbons can be assigned in the CH2/quaternary subspectrum by 
using off-resonance decoupling or a recently published variation 
of off-resonance decoupling.3 Alternatively, CH, CH2, and CH3 

resonances may be cancelled by application of sequence 2. This 
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corresponds to application of the decoupling field when equivalent 
carbon vectors are 180° out of phase as in Figure lb,g (equivalent 
CH3 carbon vectors are also 180° out of phase after a total free 
precession time of (2J)'1 s). Although sequence 2 requires both 
ir[H] and ir[C] pulses to be homogeneous6 for good cancellation, 
and so may not be competitive with off-resonance decoupling for 
assignment purposes, we have found it useful for the measurement 
of TVs of quaternary carbons which overlap with CH2 resonances 
in the normal spectrum by preceding sequence 2 with an inver­
sion-recovery sequence. 

(3) Cookson, D. J.; Smith, B. E.; White, N. / . Chem. Soc, Chem. Com-
mun. 1981, 12-13. 

A major application of sequence 1 will be in the quantitative 
analysis of complex mixtures such as coal liquefaction products. 
Present results indicate that the sequence will be accurate to better 
than 5% for such studies. The sequence may be considered to 
be a variation of the proton-flip method developed for two-di­
mensional heteronuclear / spectroscopy4 and could, in fact, be 
used to provide two-dimensional subspectra. Sequence 1 is the 
inverse of a recently published sequence.5 

(4) Bodenhausen, G.; Freeman, R.; Niedermeyer, R.; Turner, D. L. J. 
Magn. Reson. 1977, 26, 133-164. 

(5) Bendall, M. R.; Pegg, D. T.; Doddrell, D. M.; Field, J. / . Am. Chem. 
Soc. 1981,103, 934-936. 

(6) Spectra were obtained at 33 0C with a near-saturated solution of 
cholesterol in CDCl3 and using a Bruker HX-90 spectrometer upgraded with 
an Aspect-2000 computer, associated CXP series pulse modulation electronics, 
and a second pule modulator to provide the four phases for proton pulses; 2000 
scans were obtained for each spectrum. The spectral width was 2000 Hz (the 
olefinic carbon resonances are not shown), and a recycle time of 5 s was used. 
A standard 10 mm insert was employed, proton pulsing and decoupling being 
achieved with the proton decoupling coil. For 1H and 13C spectra, 90° pulse 
times were 27 and 8.4 us, respectively. The 90° pulse time for 1H spectra was 
determined as previously described.2 The free precession time (2J)'1 s was 
set by assuming an average coupling constant of 132 Hz. Accurate cancel­
lation of resonances using sequence 1 requires a homogeneous T [ H ] pulse. 
Because of the large size of the standard proton decoupling saddle coil (di­
ameter 21 mm, length 42 mm) compared to the sample size which is deter­
mined by the dimensions of the 13C solenoid coil (diameter 12 mm, length 10 
mm), the rf homogeneity of the 1H pulses was very good as evidenced by the 
good cancellation obtained. Nevertheless, as a further precaution, a composite 
Tr[H] pulse ((*/2)[x],ir\y],(-r/2)[x]) w a s used. Radio frequency inhomog-
eneity in the ir[C] pulse does not affect the cancellation of resonances using 
sequence 1 but does introduce phase errors in the spectra. Small phase errors 
can be seen, for example, for the resonances close to the upfield quaternary 
resonance. If required, the 13C pulse homogeneity may be improved by using 
a sample tube having a reduced sample size (e.g., Wilmad cat. no. 529-E-10). 
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Thebaine (1), a unique morphine alkaloid, is too toxic to be 
used as an analgesic.1 Owing to its diene structure, however, the 
Diels-Alder reactions of 1 with various dienophiles and chemical 
transformations of the resulting adducts have been extensively 
investigated.2"9 Many of the compounds derived from 1 in this 
way show high analgesic activity.3 During the course of our studies 
on chemical modifications of 1, we have found that 1 undergoes 
abnormal addition reactions with acetylenic dienophiles in polar 
solvents, providing in high yields novel adducts derived from the 
morphine skeleton. 

Rapoport and Sheldrick10 reported that 1 and dimethyl acet-
ylenedicarboxylate react smoothly in benzene at 50 0C to give 
the Diels-Alder adduct 2 in high yield, while the similar reaction 
of ethyl propiolate (EP) gives the adduct 3 only in very poor yield. 
In the latter case, the low reactivity was attributed to rapid po­
lymerization of EP under the reaction conditions employed.10 

Therefore, we reexamined the same reaction under milder con­
ditions by using various solvents. To our surprise, 1 was found 
to react very readily with EP in polar solvents even at room 
temperature. Thus, treatment of 1 (Chart I) with 1.5 equiv of 
EP in acetonitrile at room temperature (30 min) followed by 
evaporation in vacuo gave a quantitative yield of the cyrstalline 
adduct 4, mp 168-170 0C (ethyl acetate).11 The product 4 was 
also obtained in 64% yield by using CH2Cl2 as a solvent, although 
the similar reaction in benzene resulted in the formation of several 
minor products including 4 along with the recovery of large 
amounts of unreacted thebaine (1). The adduct 4 was totally 
different from the reported Diels-Alder adduct 3 (mp 130-131 
0C).10 While 3 is known to easily undergo the retro-Diels-Alder 
reaction at 140 0C to give 6,10 compound 4 is stable under the 
identical thermolytic conditions. 

The structure of 4 was determined on the basis of its spectro­
scopic data and chemical conversions. Its nature as a 1:1 adduct 
was apparent from the elemental analysis and mass spectrum (M+, 
m/e 409). The IR (Nujol) spectrum showed a characteristic 
absorption at 1680 cm-1 for a >NC=CCOOEt moiety. The 1H 
NMR (CDCl3) spectrum exhibited signals of the ethyl group at 
5 1.28 (t, J = 6.8 Hz, 3 H) and 4.14 (q, J = 6.8 Hz, 2 H), three 
methyl groups at 5 2.91 (s, 3 H), 3.55 (s, 3 H), and 3.82 (s, 3 

(1) Ginsburg, D. "The Opium Alkaloids"; Interscience: New York, 1962. 
(2) Bentley, K. W. "The Alkaloids", Manske, R. H. F., Ed.; Academic 

Press; 1971; Vol. 13, Chapter 1. 
(3) (a) Bentley, K. W.; Hardy, D. G. / . Am. Chem. Soc. 1967, 89, 3267, 

3281. (b) Bentley, K. W.; Hardy, D. G.; Meek, B. Ibid. 1967,89, 3273, 3293. 
(c) Bentley, K. W.; Hardy, D. G.; Howell, C. F.; Fulmer, W.; Lancaster, J. 
E.; Brown, J. J.; Morton, G. O.; Hardy, R. A., Jr. Ibid. 1967, 89, 3303. (d) 
Bentley, K. W.; Hardy, D. G.; Crocker, H. P.; Haddlesey, D. I.; Mayor, P. 
A. Ibid. 1967, 89, 3312. 

(4) (a) Rubinstein, R.; Havin, F.; Ginsburg, D. Tetrahedron 1974, 30, 
1201. (b) Giger, R.; Rubinstein, R.; Ginsburg, D. Ibid. 1973, 29, 2387. (c) 
Rubinstein, R.; Giger, R.; Ginsburg, D. Ibid. 1973, 29, 2383. 

(5) Kirby, G. W.; Sweeny, J. G. Chem. Commun. 1973, 704. 
(6) Kanematsu, K.; Sasaki, T. Chem. Commun. 1967, 988. 
(7) Barneis, Z. J.; Warnet, R. J.; Wheeler, D. M. S.; Waite, M. G.; Sim, 

G. A. Tetrahedron 1972, 28, 4683. 
(8) Bentley, K. W.; Meek, B. J. Chem. Soc. C 1969, 2233. 
(9) Lewis, J. W.; Readhead, M. J. J. Chem. Soc. C 1971, 2296. 
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H), two methine protons at 5 4.50 (br d, J = 5.2 Hz, H-8) and 
4.97 (d, J = 1.2 Hz, H-5), three olefinic protons at 5 5.25 (dd, 
J = 5.2, 1.2 Hz, H-7), 5.93 (dd, J = 5.4, 2.7 Hz, H-9), and 7.33 
(s, H-16), and two aromatic protons at 5 6.65 (s, 2 H). The 
assignments were confirmed by the double-resonance decoupling 
experiments. The 13C NMR (CDCl3) spectrum showed signals 
of an ester carbonyl [5169.3 (s)], 12 sp2 carbons [5150.5 (s), 150.5 
(d), 144.5 (s), 142.3 (s), 141.0 (s), 133.7 (s), 128.3 (s), 124.5 (d), 
118.6 (d), 111.8 (d), 104.5 (s), and 102.2 (d)], three methine 
carbons [586.1 (d), 38.4 (d), and 37.9 (s)], three methylene 
carbons [5 59.5 (t), 54.4 (t), and 53.3 (t)], and four methyl carbons 
[556.2 (q), 50.2 (q), 44.2 (q), and 14.5 (q)]. From these data, 
4 was concluded to be the novel 1:1 adduct derived from a 
morphine skeleton. The similar reaction of 1 with methyl pro­
piolate (MP) in acetonitrile or methanol afforded the corre­
sponding adduct 511,12 in a quantitative yield. 

Structure of these adducts was further confirmed by the fol­
lowing chemical conversions. While 4 (or 5) was recovered un­
changed from the catalytic hydrogenation (H2, 5% Pd-C, ethyl 
acetate) or reductive treatment (LiAlH4, THF, reflux), the enol 
ether functionality in 4 (or 5) was exposed on mild acid hydrolysis 
(concentrated HCl-THF 20:80, 20 h, 25 0C) to give the ketone 
7 (60%) [or 813 (56%)], mp 170-172 0C (ethyl acetate):11 MS, 
m/e 395 (M+); IR (Nujol) 1735 and 1680 cm"1; 1H NMR 
(CDCl3) 5 1.27 (t, J = 6.9 Hz, 3 H), 1.68-2.00 (m, 2 H), 2.51 

(12) Compound 5: mp 160-162 °C (ethyl acetate); MS, m/e 395 (M+); 
IR (Nujol) 1680 cm"1; 1H NMR (CDCl3) S 1.86-2.40 (m, 2 H)1 2.91 (s, 3 
H), 3.15-3.24 (m, 2 H), 3.55 (s, 3 H), 3.72 (s, 3 H), 3.82 (s, 3 H), 4.50 (br 
d, / = 5.2 Hz, H-8), 4.97 (d, / = 1.2 Hz, H-5), 5.25 (dd, J = 5.2, 1.2 Hz, 
H-7), 5.93 (dd, J = 5.4, 2.7 Hz, H-9), 6.65 (s, H-I and H-2), and 7.33 (s, 
H-16); 13C NMR (CDCl3) «29.4 (t), 37.9 (s), 38.4 (d), 44.3 (q), 50.2 (q), 51.0 
(q), 53.1 (t), 54.4 (t), 56.2 (q), 86.1 (d), 102.2 (d), 104.4 (s), 111.8 (d), 118.6 
(d), 124.5 (d), 128.3 (s), 133.6 (s), 140.9 (s), 142.3 (s), 144.6 (s), 150.5 (s), 
150.7 (d), and 169.7 (s). 
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