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Table I. Experimental Free Energies and Calculated Strain 
Energies" of Various Conformations of Cyclododecyne 

conformation* 

[4vne332]' 
[3yne333]-
[3yne243] 
[3yne234] 
[4yne233] 
[4yne323] 
[3yns324] 

symmetry 

C1 

C2 

C, 
C1 
C1 

C1 
C1 

ASEC 

0.0 
0.8 
1.4 
1.9 
2.1 
2.3 
3.5 

" In kilocalories per mole. * See note 8 for nomenclature; the 
acetylene units in these conformations are slightly bent (e.g., internal 
angles of 177 and 179° for [4yne332]), and this allows Boyd's pro
gram,10 which fails for 6 = 180°, to be used.c Strain energy relative 
to that of the [4yne332] whose total (force-field) strain energy is 7 
kcal/mol (the contributions to angle bending, torsional, and non-
bonded strains are 2.0, 1.4, and 3.0 kcal/mol, respectively). d Free 
energy relative to that of the [3yne333] at -133 0C. e See Figure 1 
for torsional angles. 

Figure 1. Calculated torsional angles in the [3yne333] and [4yne332] con
formations of cyclododecyne. 

verify that true (local) energy minima have been ob
tained." 

Of the two lowest energy conformations, one is symmetrical 
and the other is unsymmetrical (Figure 1), in agreement with 
the NMR data. The calculated order of these conformations 
is inverted (Table I), but this is not very significant, given the 
small energy differences and the expected accuracy (within 
1 kcal/mol) of the force-field calculations. The next four 
conformations (Table I) are not observed at low temperatures, 
but, because of their fairly low relative strain energies (1.4-2.3 
kcal/mol), they may become slightly populated at higher 
temperatures.12 

On the assumption that the only mechanism of exchange is 
the interconversion of the [3vnc333] and [4>nc332], the 13C 
NMR data gives'3 a conformational energy barrier of 7.9 ± 
0.3 kcal/mol at - 9 5 0 C, in agreement with the barrier esti
mated from the 1H NMR data. However, the above simple 
interconversion leads only to a Ci time-averaged symmetry, 
whereas the high temperature ( > - 8 0 0C) 1H spectrum of 1 
corresponds to a Cj1 time-averaged symmetry. Thus, a second 
conformational process must exist in I, and its barrier must be 
of the order of 8 kcal/mol in order to accommodate the ' H 
NMR data. 

It is planned to investigate the conformational properties 
of other cycloalkynes by the methods described above. 
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13C NMR Studies of Marine Natural Products. 1. 
Use of the SESFORD Technique in the Total 13C NMR 
Assignment of Crassin Acetate 

Sir: 

The antineoplastic and cytotoxic marine cembranolide, 
crassin acetate (la),1 is representative of the burgeoning 
number of cembrane diterpenes steadily being reported from 
marine organisms of the coelenerate phylum, as well as from 
terrestrial plant sources such as tobacco and pines.2 

Unambiguous 13C NMR spectral assignment has not yet 
appeared for any member of this interesting group of 14-
membered carbocyclic compounds. We now report the com
plete assignment of the 13C NMR spectra of the naturally 
occurring crassin acetate (la), and its derivatives crassin (lb) 
and crassin diacetate (Ic), based largely on the use of the newly 
developed technique of selective excitation with single fre-
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Table I. 25.2-MHz 13C NMR Chemical Shifts, Multiplicities, and 
T] Relaxation Times of Crassin Acetate (la), Crassin (lb), and 
Crassin Diacetate (Ic) 

car
bon 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

m" 

d 
t 
d 
S 

t 
t 
d 
S 

t 
t 
d 
S 

d 
d 
S 

S 

t 
q 
q 
q 
S 

q 
S 

q 

chemical shift, 
la 

36.7 
20.1* 
81.5 
73.2 
38.4 
21.5" 

124.9 
134.4 
39.2 
23.3 

127.5 
136.2 
40.9 
72.3 

129.3 
169.5 
126.7 
23.9 
14.1 
13.9 

166.2 
20.1* 

lb 

39.0 
19.0 
82.4 
73.8 
38.7 
21.9 

125.2 
135.0 
39.8 
23.8 

127.0 
138.1 
44.5 
71.4 

130.7 
168.0 
127.2 
24.4 
14.7 
14.3 

ppm 
Ic 

37.4 
21.0 
81.9 
84.5 
34.9 
21.8 

125.0 
135.8 
39.8 
24.0 

128.1 
136.3 
41.5 
72.5 

130.1 
169.7 
127.7 
22.4 
14.7 
14.7 

166.8 
20.4f 

170.0 
20.8' 

T\ relaxation tir 
la lb 

0.62 
d 

0.65 
4.91 
0.34 
0.38 
0.68 
5.91 
0.35 
0.38 
0.67 
7.41 
0.34 
0.67 
7.55 

14.08 
0.37 
0.71 
3.02 
3.45 

10.78 
d 

0.48 
0.25 
0.45 
2.74 
0.28 
0.29 
0.60 
4.32 
0.28 
0.29 
0.50 
4.78 
0.27 
0.50 
3.98 

10.11 
0.26 
0.67 
2.39 
2.64 

nes, s 
Ic 

0.72 
0.44 
0.74 
6.45 
0.38 
0.43 
0.77 
6.42 
0.37 
0.37 
0.66 
7.61 
0.36 
0.66 
5.58 
9.54 
0.40 
2.81 

d 
d 

7.75 
0.51 
7.01 
1.53 

" Multiplicity. * Degenerate chemical shifts. 
d Could not be measured owing to degeneracy. 

is OR P 

May be permuted. 

R-H 
R = H R'= H 
R -COCH, R' = COCH^, 

23 24 O 21 22 ° 

quency off resonance decoupling (SESFORD). 
Multiplicity information for all resonances in a molecule is 

essential for accurate assignment of the 13C NMR spectra of 
complex natural products. For simple molecules, unambiguous 
multiplicities normally can be obtained from the residually 
coupled spin multiplets routinely acquired by the single fre
quency off resonance decoupling (SFORD) technique.3'4 

However, in more complex systems, e.g., la-c in which num
erous resonances have closely similar chemical shifts, overlap 
of SFORD spin multiplets presents a complex problem of 
interpretation.5,6 This difficulty may be further aggravated 
by the appearance of second-order effects in SFORD 
spectra.7^10 

In principle, a resolution of these difficulties in the inter
pretation of complicated coupled and SFORD spectra is pro
vided by the selective excitation procedure of Bodenhausen, 
Freeman, and Morris." When used in conjunction with gated 
decoupling,12 this technique has been successfully employed 

Figure 1. 25.2-MHz 13C spectral segments of crassin acetate (la) in 
deuteriochloroform: A, decoupled spectrum of a portion of the methylene 
region; B, SFORD trace; SESFORD trace of the resonance at S 20.1. 

in the total assignment of aromatic13,14 and certain other types 
of simpler systems.11'15 However, in highly saturated com
pounds such as la-c , extensive 1 H- 1 3 C long-range couplings 
have the effect of substantially complicating spin-multiplet 
splittings, thereby significantly reducing signal intensities. For 
such compounds, selective excitation with conventional gated 
decoupling is thus a relatively inefficient or even impractical 
method of obtaining multiplicity information. 

We have completely overcome these limitations by com
bining the inherent advantages of both the SFORD and se
lective excitation techniques in a single experiment: SES-
FORD.16 In this experimental sequence, the individual 13C 
resonance under study is selectively excited by a train of pre
cisely spaced "soft" pulses.12'13'17 In this manner, the vector 
associated with the resonance being selectively excited is tipped 
90° into the XY plane, which subsequently produces a maximal 
response in the receiver. During the excitation sequence, all 
other resonances remain as essentially unperturbed Z mag
netization and thus produce no signal. The relative degree of 
selectivity in this experiment is a function of both the number 
of pulses applied in the train and the proximity of the resonance 
to the carrier frequency.13'15 Following excitation and imme
diately prior to accumulation, the new technique electronically 
gates the decoupler from broad-band irradiation to a prese
lected coherent single-frequency irradiation of the proton 
spectral window. The weaker long-range couplings are sup
pressed (as in the simple SFORD experiment) and only the 
stronger residual geminal couplings of the selectively excited 
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resonance are observed. Because all other resonances are ex
cluded from the subspectrum, clear and unambiguous multi-
plets are observed for each resonance in turn. 

Multiplicity information for la, shown in Table I, was ob
tained exclusively by the application of the SESFORD tech
nique. Particularly illustrative of its capability is the SES-
FORD trace (Figure 1) for the degenerate resonance at <5 20.1 
for the C-2 methylene and the C-22 acetate methyl, which 
showed a symmetrically overlapped triplet and quartet pattern. 
Chemical shift assignments for la were made largely from 
nerolidol (2),18 which serves as an excellent model for the C-4 
through C-12 portion of the carbocyclic nucleus. Signal as
signments for the remainder of the molecule were based on 
empirical chemical shift relationships'9,20 in conjunction with 
T\ inversion-recovery relaxation measurements21-23 for dis
crimination among methyl24,25 and carbonyl26 resonances. 

Complete correspondence between the observed SESFORD 
multiplicities and the multiplicities inferred from T\ inversion 
recovery spin-lattice relaxation studies further served to es
tablish that la is subject to isotropic tumbling (see Table I).5 

The multiplicities shown in Table I for lb and Ic were conse
quently established from T\ studies alone. Chemical shift as
signment for the latter two compounds, also shown in Table 
I, are based on those established for la, with adjustments by 
standard empirical correlations as appropriate for their 
functional modification. 

The successful application of SESFORD to the problem of 
crassin acetate multiplicities amply demonstrates the utility 
of the technique with complex molecules. It is evident that 
SESFORD should be useful for the unequivocal resolution and 
determination of the spin multiplicity of any resonance in even 
the most complex natural product.27 
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Reduction of 
1,3-Dimethy l-5-(p-nitrophenylirnino)barbituric Acid 
by Thiols. A High-Velocity Flavin Model Reaction 
with an Isolable Intermediate1 

Sir: 

Strong kinetic evidence exists for a thiol addition inter
mediate, 1, involving theC(4a)—N(5) bond, in nonenzymatic 
reductions of flavins and analogues by thiols.2-5 We have re-

•-GC 
H O 

SR 

cently proposed the C=N bond of 5-aryliminobarbituric acids 
as a simple model for the C(4a)—N(5) bond of flavins.6 We 
report here our observation of an isolable covalent inter
mediate, 3b, in the reduction of the highly activated imine 2 
by a thiol. This provides the first direct nonkinetic demon
stration of such an intermediate in a flavin model reaction and 
confirms the structural assignment of flavin-thiol inter
mediates 1 previously proposed on the basis of kinetic evi
dence. 

CH3 

-P 

~CH3 

I I 
• l^i . 

3 a R 

3 b R 

0T 
^N-T 

H I 
RS 

\"3 
NY° 

T % H 

C H 3 O C [ O ) C H j -

H O C J H i 

The reaction of l,3-dimethyl-5-(/?-nitrophenylimino)bar-
bituric acid (2, prepared by a modification of the published 
procedure6 for the 5-/?-tolylimino derivative) with excess 
methyl thioglycolate at 25 0C exhibits biphasic kinetics at 360 
nm (Figure IA) consistent with accumulation and decay of an 
intermediate (eq 1). Kinetics of the two phases could be studied 

independently, by stopped-flow spectrophotometry, at 379 nm, 
the isosbestic point for intermediate and product (Figure 1 B), 
and at 415 nm (Figure IC). The reaction followed at 379 nm 
was pseudo first order as indicated by agreement of two suc
cessive half-times for the reaction, and k\ was determined 
from 11/2 or from linear plots of [A^ - A0) vs. time; similar 
plots at 415 nm were linear after an initial lag phase and were 
used for determination of k{. No evidence7 was obtained for 
significant reversal of the initial step. Both processes, k\ and 
k{, are dependent on the first power of the thiol anion con
centration, as shown from the dependence of the rate on total 
thiol concentration and on pH at pH 3.8-5.2. The corre
sponding rate laws are given by 
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