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of the direct 113Cd-14N dipolar contribution to the 113Cd line 
width.25 

As shown in Figure 2, cadmium is bound to two inversion-re
lated nitrogen atoms. The 113Cd-14N direct dipolar interaction 
will lead to splitting of the cadmium resonance at v0. As a result 
of this coupling, multiple resonances would be observed at fre
quencies given by 

v = v0 + Z)(I - 3 cos2 B)M (1) 

where M is the total 14N spin quantum number (M = -2 , - 1 , 0, 
1, 2) and 6 is the angle the N(I)-Cd-N(I ' ) vector makes with 
B0. D is the 113Cd-14N dipolar coupling constant. Since D for 
the dipolar coupling between 113Cd and 14N is only 147 Hz,25 the 
splittings are not resolved experimentally. The effect of this 
interaction is a broadening of the two cadmium resonances cor
responding to the two distinguishable twofold related tensors. The 
magnitude of the broadening will be orientation-dependent. The 
tensor assignement takes advantage of this dependence. 

If we take the frequency difference between the M = +1 and 
M = -1 resonances as an approximation of the 113Cd line width, 
!»!/2, due to direct dipolar interaction, then this contribution to 
the line width is given as 

v]/2 = 2Z)(I - 3 cos2 B) (2) 

For rotation about the (5l0) direction, a maximum line width of 
400 Hz at goiniometer rotation angles of 80° for cadmium at 
position xyz and 100° for cadmium at position xyz would be 

(25) Lutz, O.; Nolle, A. Z. Phys. B: Condens. Matter Quanta 1979, 35, 
245. 

Dibenzo-p-dioxin (I) and dibenzofuran (II) are the parent 
compounds for large families of derivatives, having halogens and 
other substituents at various positions. For example, considering 

just chlorine as a substituent, there are 75 possible derivatives of 
I (containing 1-8 chlorines) and 135 such derivatives of II. When 
bromine, fluorine, and other types of substitution are taken into 
account, there are clearly hundreds of possible compounds. These 
have varying degrees of toxicity, ranging from zero to very high; 
the latter is exemplified by the notorious 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD, III). The toxic responses elicited by these 

predicted. Experimentally, the maximum dipolar line width 
contribution was 420 ±20 Hz and occurred at 80° and 100°. This 
allowed unambiguous assignment of individual rotation plots to 
lattice sites in the crystal. 

Conclusion 
The orientation of the 113Cd shielding tensor in cadmium 

glycinate and cadmium nitrate tetramethylthiourea was deter
mined. These crystals represent 2N-40 and 2S-40 systems, 
respectively. In the latter case the general features of the tensor 
orientation relative to the primary coordination sphere could be 
predicted by employing the tensor element-structure correlations 
observed in the oxo-cadmium compounds. In addition, the -340 
ppm magnitude of the most shielded tensor element for this crystal 
can be understood in terms of structural parameters, specifically 
the extremely long Cd-O(NO2) bonds. The shielding tensor 
orientation in the glycinate reference frame was not anticipated. 
These data indicate that to correctly interpret the shielding in terms 
of structural parameters both the shielding influence due to direct 
bond formation and shielding due to current densities originating 
on structure adjacent to the direct bond (e.g., glycinate chelate 
ring) must be considered. 
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compounds include gastric lesions, hepatotoxicity, carcinogenesis, 
loss of lymphoid tissue, acute loss of weight, and chloracne.1,2 

To differing extents, the substituted dibenzo-p-dioxins and 
dibenzofurans also induce aryl hydrocarbon hydroxylase (AHH) 
activity.3 This is a microsomal monooxygenase system that is 
involved in the metabolic conversion of carcinogenic aromatic 
hydrocarbons to their active forms.4 

Studies of a series of halogenated dibenzo-p-dioxins and di
benzofurans have revealed a good correlation between potency 

(1) Windholz, M., E. "The Merck Index", 10th ed.; Merck and Co.: 
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517-554. 
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for inducing AHH activity and toxicity.3 It was also found that 
certain structural requirements for both types of activity could 
be identified:3 (a) At least three of the four lateral positions (2,3,7, 
and 8) must have halogen substituents (especially chlorine or 
bromine). The activity is greater if all four of these positions are 
halogenated. (b) The activity induced by halogen substituents 
decreases in the order Br > Cl > F. (c) At least one ring position 
must remain unsubstituted. 

The available evidence indicates that the toxic effects produced 
by dibenzo-p-dioxins and dibenzofurans are related to their in
teractions with a cytosolic receptor.2,5 This receptor is believed 
to be a protein and has been characterized by Carlstedt-Duke et 
al. by gel filtration and ultracentrifugal sedimentation. The same 
receptor is apparently involved in the AHH induction, since a study 
of 23 halogenated dibenzo-/j-dioxins and dibenzofurans produced 
an excellent correlation between binding affinity for the cytosolic 
receptor and effectiveness in inducing AHH activity.2 

The interaction of a molecule with a receptor is an example 
of a "recognition" process, in which the receptor recognizes that 
the molecule has certain key features that will promote their 
interaction. This precedes the formation of any covalent bonds. 
In the past, such key features have been successfully identified 
through the analysis of the electrostatic potential that the mol
ecule's nuclei and electrons create in the surrounding space. It 
is through this potential that the molecule initially interacts with 
any other system in its vicinity. In a number of cases, the affinity 
of a particular molecule for a specific receptor has been shown 
to depend upon the degree to which the electrostatic potential of 
the former possesses certain characteristics that have been es
tablished as being required for effectively interacting with that 
receptor.7 

A knowledge of this essential electrostatic potential pattern 
(which is likely to involve certain relative orientations and mag
nitudes of positive and negative potentials) leads to important 
insights into the nature of the interaction and of the receptor itself. 
It also provides a predictive capability, since once the elements 
of the potential that are associated with toxicity have been de
termined, molecules of unknown activity can be evaluated by 
ascertaining to what extent their potentials possess these char
acteristics. As an initial step in achieving these objectives for the 
substituted dibenzo-p-dioxins and dibenzofurans, we have calcu
lated the electrostatic potentials of dibenzo-p-dioxin (I), di
benzofuran (II), 2,8-dichloro-3,7-dimethyldibenzo-p-dioxin (IV), 
2,3,7,8-tetrafluorodibenzo-p-dioxin (V), and 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD, III). 

,- ̂ W , 
Methods 

The electrostatic potential V(r) that is produced at any point 
r by the nuclei and electrons of a molecule is expressed rigorously 
by. 

ZA fp(r')dr' 

(a) • -11.6 
• -5 .8 

(b) • - 1 1 . 7 
* -4 .3 

Figure 1. Calculated electrostatic potentials of dibenzo-p-dioxin (a) and 
dibenzofuran (b) in planes 1.75 A above the molecular plane. Half of 
each molecule is shown. Positions of most negative potentials are indi
cated by (•) and (•), with the corresponding values (in kcal/mol) given 
at the left. 

ZA is the charge on nucleus A, located at RA, and p(r) is the 
electronic density function of the molecule, which we obtain by 
computing an ab initio self-consistent-field molecular wave 
function. Equation 1 shows that V(r) is the sum of a positive 
contribution coming from the nuclei and a negative one from the 
electrons; its sign in any particular region depends, therefore, upon 
whether the effects of the nuclei or the electrons are dominant 
in that region.8 An important feature of the electrostatic potential 
is the fact that it is a real physical property, one that can be 
determined experimentally as well as computationally.9 

We have computed the electrostatic potentials of molecules I-V 
by using the GAUSSIAN 82 program at the STO-5G level. The 
geometry of TCDD (III), which is planar, was obtained from 
crystallographic studies,10 with the C-H bond lengths taken to 
be 1.08 A. Basically the same structure was used for I, IV, and 
V, with appropriate modifications. For I, all of the chlorines were 
replaced by hydrogens, at H-C-C angles of 120°. For IV, two 
chlorines were replaced by methyl groups, their geometries being 
taken from an optimized toluene structure." One of the methyl 
hydrogens was positioned in the plane of the aromatic rings, 
pointing away from the chlorine; the other two were above and 
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(a) • -16.8 
• - 5 . 2 
• - 3 . 4 

•:« •<>•* 

(b) 

(c) • -5 .3 
• -3 .6 

Figure 2. Calculated electrostatic potentials of 2,8-dichloro-3,7-di-
methyldibenzo-p-dioxin (a), 2,3,7,8-tetrachlorodibenzo-p-dioxin (b), and 
2,3,7,8-tetrafluorodibenzo-p-dioxin (c) in planes 1.75 A above the mo
lecular plane. The positions of most negative potentials are indicated by 
(•), ( • ) , and (•), with the corresponding values (in kcal/mol) given at 
the left. 

below this plane. For V, all chlorines were replaced by fluorines, 
with C-F bond lengths of 1.35 A12 and F-C-C angles of 120°. 
The dibenzofuran structure was taken from a crystallographic 
study.13 The individual rings in this molecule are planar, but 
overall it has a slight boat form. 

Results and Discussion 
Our calculated electrostatic potentials for molecules I-V are 

presented in Figures 1-3.14 We have focused particularly upon 
the potential above the plane of each molecule, since this is what 
the receptor encounters. 

For the unsubstituted compounds, I and II, the potential is 
negative everywhere above the two outer rings (Figure 1). The 

(12) (a) Huheey, J. E. "Inorganic Chemistry: Principals of Structure and 
Reactivity"; Harper and Row: New York, 1972; p 699. (b) Harmony, M. 
D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, R. H.; Ramsay, D. A.; 
Lovas, F. J.; Lafferty, W. J.; Maki, A. G. J. Phys. Chem. Ref. Data 1979, 
8, (3), 619-721. 

(13) Banerjee, A. Acta Crystallogr. Sect. B: Struct. Crystallogr. Cryst. 
Chem. 1973, B29, 2070-2074. 

(14) Electrostatic potentials for some dibenzo-p-dioxins have been com
puted earlier by Cheney15 and were used to analyze certain aspects of their 
interactions with the receptor. The wave functions were obtained by the 
molecular fragment procedure, and a point-charge approximation was used 
to generate V(i). 

(C) • -40.6 W • -28.9 

Figure 3. Calculated electrostatic potentials of dibenzo-p-dioxin (a), 
2,8-dichloro-3,7-dimethyldibenzo-p-dioxin (b), 2,3,7,8-tetrafluorodi-
benzo-p-dioxin (c), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (d) in planes 
perpendicular to the molecular planes and passing through both oxygens 
in each molecule. One quarter of the plane is shown for each molecule. 
Positions of most negative potentials are indicated by (•), with the cor
responding values (in kcal/mol) given above and below. 

same has been observed in the case of benzene16 and can be 
interpreted as being due to the T electrons. There is an even 
stronger negative region near each oxygen, fully consistent with 
past experience.17 Above the central rings, however, the potential 
is positive. Figure 1 shows a marked similarity between the results 
for dibenzo-p-dioxin and dibenzofuran. Since a crystallograph-
ically determined structure was used for the latter, this provides 
reassurance that the approximate geometry used for dibenzo-p-
dioxin is a reasonable one. 

The introduction of two chlorines, in IV, has a significant effect 
that reflects the strong electron-attracting inductive power of these 
substituents; the negative regions above the outer rings are com
pletely eliminated, and those near the oxygens become weaker 
[Figure 2a]. The strongest negative potentials are now above the 
two chlorines. With four chlorine substituents in TCDD, even 
the oxygens no longer have negative potentials at this distance 
above the molecular plane [Figure 2b]. This is a noteworthy 
development, since oxygens normally have large and relatively 
strong negative regions.17 The chlorines are also less negative in 
TCDD than in the dichloroderivative, IV, since there are now four 
of them competing for the polarizable electronic charge in the 
molecule. 

The replacement of chlorines by fluorines in V shows a pattern 
similar to that of TCDD in the lateral regions of the molecule, 
though the magnitudes of these negative regions are smaller than 
those in TCDD by more than 50% [Figure 2c]. Negative po
tentials near the oxygens are again seen, with magnitudes ap
proximately similar to those in IV. A comparison of Figure 2 parts 
b and c shows that the chlorines are more effective than the 
fluorines in withdrawing charge from the remainder of the 

(15) Cheney, B. V. Int. J. Quantum Chem. 1982, 21, 445-463. 
(16) Politzer, P.; Abrahmsen, L.; Sjoberg, P. J. Am. Chem. Soc. 1984,106, 

855-860. 
(17) Politzer, P.; Laurence, P. R. Int. J. Quantum Chem. Quantum Biol. 

Symp. 1984, 11, 155-166. 
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molecule. This is fully consistent with our earlier studies of 
halogenated epoxides17 and can be attributed to the greater charge 
capacity of chlorine.18 

The most striking change in going from I and II, which are 
inactive with respect to receptor binding, AHH induction, and 
toxicity, to the highly active and toxic TCDD is the drastic 
weakening of the oxygen negative potentials. Figure 3 presents 
this from another perspective, showing the very extensive and 
strong negative regions in I shrinking to the small and weak ones 
that are found in TCDD. 

The presence of relatively strong negative potentials along the 
entire lateral regions of TCDD and their absence or lesser presence 
in the other four inactive or marginally active molecules suggest 
that negative lateral regions of a certain minimum strength may 

(18) (a) Huheey, J. E. J. Phys. Chem. 1965, 69, 3284. (b) Evans, R. S.; 
Huheey, J. E. Chem. Phys. Lett. 1973,19, 114. (c) Politzer, P. "Homoatomic 
Rings, Chains and Macromolecules of Main-Group Elements"; Rheingold, A. 
L., Ed.; Elsevier: New York, 1977; Chapter 4. 

The introduction of two-dimensional (2D) NMR techniques 
has greatly simplified the NMR analysis of many natural products, 
permitting the study of problems hitherto considered intractable. 
As an example, we present here a study of the alkaloid gephy-
rotoxin (GyTx), extracted from the skin of the frog Dendrobates 
histrionicus. Routine application of standard 2D NMR techniques 
is not sufficient in this case because of the complexity of the 1H 
spectrum in the methylene region. A second limitation is imposed 
by the small amount of sample available, which prohibits the 
application of most of the more advanced, but less sensitive, 13C 
NMR experiments. 

Frogs of the family Dendrobatid produce a wide range of unique 
alkaloids.1,2 Many of the alkaloids exhibit pharmacological 
activity on nerve and muscle.3,4 These alkaloids have been ca
tegorized by structural similarities into five major classes: the 
batrachotoxins, the histrionicotoxins, the gephyrotoxins, and the 
pumiliotoxin C and pumiliotoxin A classes. Gephyrotoxin (GyTx), 
a major alkaloid of the perhydrobenzoindolizidine-type structure, 
is a tricyclic compound with the empirical formula C19H29NO4 
(I). There has, to the best of our knowledge, been no successful 
attempt at establishing the complete 1H and 13C NMR assignment 
of GyTx. The present effort is to identify the proton and carbon 
resonances of this biologically active compound5,6 as a reference 
for isotopic labeling studies and to add to the database of alkaloids 
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Physics. 

play an essential role in the interaction with the receptor. The 
experimental observation that activity requires at least three 
halogen substituents on these sites reinforces this view, since the 
electron-attracting halogens do give rise to negative regions. These 
are stronger in the case of chlorine than fluorine, which is con
sistent with the observed greater potency of chlorine in inducing 
activity. We also speculate that the weakening of the negative 
region above the oxygens may be a contributing factor to in
creasing activity. 
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derived from amphibians, which may aid in the structural elu
cidation of new alkaloids of unknown structure. The strategy for 
complete assignment is to use the newly developed HOHAHA 
relay experiment7 along with standard homo- and heteronuclear 
two-dimensional shift correlation techniques. Special attention 
is paid to the experimental optimization of the various NMR 
experiments, both from the resolution and sensitivity points of view. 

Experimental Approach 
Double-Quantum Filtered COSY. The first step in the NMR 

analysis of GyTx is the recording of a 1H-1H connectivity map. 
Because of the high resolution provided by the double-quantum 
filtered8 absorption mode9,10 COSY method, this technique is 
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Abstract Three different types of modern NMR techniques have been used to obtain a complete proton and carbon-13 assignment 
of the alkaloid gephyrotoxin. In addition to the two-dimensional phase-sensitive homo- and heteronuclear shift correlation 
methods, use of the recently proposed one-dimensional homonuclear Hartmann-Hahn difference experiment was crucial for 
obtaining the required long-range connectivity. Guidelines are presented for optimal use of these techniques. Experiments 
were performed at 500-MHz 1H frequency, using 8 mg of sample. 
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