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Carbon-13 Fourier Transform Nuclear Magnetic Resonance with Eu(fod)s for
Configurational Confirmation of Polychlorinated Pesticides, Endrin and Dieldrin

The structures of endrin, hexachloroepoxyoctahy-
dro-endo,endo-dimethanonaphthalene, and diel-
drin, hexachloroepoxyoctahydro-endo,exo-di-
methanonaphthalene, widely used chlorinated
pesticides, were confirmed by natural abundance
carbon-13 Fourier transform nmr. Configura-
tional confirmation was accomplished with the
aid of a paramagnetic chemical-shift reagent
tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-
octanedionato)europium(IIl), Eu(fod)s. Assign-
ments were confirmed on the basis of the magni-

tudes of the chemically induced shifts, the carbon-
13 proton coupling constants, and nuclear Over-
hauser enhancements (NOE). The loss of NOE, ob-
served in the carbon-13 spectra upon successive ad-
ditions of the chemical-shift reagent, was cited as a
diagnostic for making structural assignments.
The marked advantages offered by these tech-
niques over existing methods, for pesticide chem-
istry, are discussed and information regarding the
point of attachment of shift reagents to such sub-
strates is observed.

Of the vast number of pesticides currently in use, those
of the chlorinated polycyclodiene derivatives, such as en-
drin, hexachloroepoxyoctahydro-endo,endo-dimethano-
naphthalene, and dieldrin, hexachloroepoxyoctahydro-
endo,exo-dimethanonaphthalene (I), are among the most
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stable. Since these pesticides are of such widespread usage,
considerable concern is being generated in regard to their
being potentially hazardous environmental contaminants.
An important consequence of the increasing concentra-
tions of these species lies in the possibility of the forma-
tion of detrimental by-products through reactions with
other environmental contaminants or naturally occurring
substances.

To study adequately the nature of any such reactions,
and/or the subsequently generated by-products, one must
be able to monitor every possible reactive site of the mole-
cule. In a recent review article, Keith and Alford (1970)
clearly elucidated the tremendous potential that nuclear
magnetic resonance (nmr) spectroscopy holds for purposes
of identifying pesticide metabolites or other such degrada-
tion products. Damico et al. (1968) and Feil et al. (1970)
have studied the nature and structures of various dieldrin
metabolites by combining a host of instrumental tech-
niques, such as mass spectrometry, infrared (ir), Raman,
and proton magnetic resonance (pmr) spectroscopy, with
various chemical methods of structural determination. Of
the techniques used, pmr seems to be the most widely ap-
plicable in pesticide chemistry from a conformational and
structural elucidation point of view. Even this technique,
however, powerful though it may be, has a marked disad-
vantage in studies involving highly chlorinated pesticides
of the type under investigation here (endrin and dieldrin)
in that pmr can only monitor the portion of the molecule
that contains protons. For pesticides that have carbon
atoms devoid of protons (such as the reactive chlorinated
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end of endrin or dieldrin) the pmr technique alone is
clearly inadequate even though it has been widely used for
this purpose (Parsons and Moore (1966), Marchand and
Rose (1968), Bukowski and Cisak (1968), McCullock et al.
(1969), and Keith et al. (1970)). Keith (1971) and McKin-
ney et al. (1972), in an effort to study degradation reac-
tions of some pesticides, have implemented the use of pmr
spectroscopy by employing additional techniques such as
proton spin decoupling and a chemical-shift reagent,
Eu(dpm)s, tris(dipivalomethanato)europium(IIl). These
studies, while accurately describing the structural features
of that portion of the molecule containing protons, yielded
no information whatever concerning the crucial chlorinat-
ed section of the molecule. Since the chlorinated carbons
of dieldrin have been shown by Keith (1971) to participate
in a photolyzed degradation reaction involving the break-
age of a carbon-carbon double bond, it appears quite evi-
dent that other degradative or associative reactions may
also take place solely on this portion of the molecule.

We report here the application of carbon-13 nmr (natu-
ral abundance, Fourier transform spectroscopy) as a
means of establishing the complete molecular configura-
tion of polychlorinated pesticides. This technique is clear-
ly superior to pmr in that it monitors the entire skeletal
structure of the pesticide in question (or its metabolites)
including the chlorinated portions of the molecule that are
most likely to participate in chemical reactions. Natural
abundance, Fourier transform carbon-13 nmr does have
the disadvantage, though, that concentrations below 0.12
M are difficult if not impossible to detect.

A Varian Associates XL-100 nmr spectrometer with a
15-in. magnet (operating at 25.2 MHz in the 13C mode), a
pulse unit, broad band random noise 'H decoupler, and
deuterium lock was used in this study. In ~18 min 3000
pulses of 30-usec duration were applied with 0.4-sec accu-
mulation time between pulses. The range of 5000 Hz
was covered by 4096 addresses in the Fourier transform
spectrum, All other variables in the system were held con-
stant. Off-resonance decoupling was accomplished by set-
ting the decoupler bandwidth at zero and keeping all
other variables constant. The endrin and dieldrin samples
were obtained from Shell Chemical Co. and were recrystal-
lized prior to use. The shift reagent was obtained from
Alpha Products Corporation and was dried over P2Os in a
vacuum desiccator.

Each molecule shown in I possesses a plane of symme-
try which bisects the molecule lengthwise passing through
the epoxide oxygen and through carbon atoms labeled 11
and 12. This symmetry plane causes carbons labeled 4
and 5 to be identical. The other pairs of identical carbons
are labeled 3 and 6, 2 and 7, 1 and 8, and 9 and 10.

Configurational assignments were made on the basis of
13C chemical shifts, the magnitudes of 13C-1H coupling
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Figure 1. (A) Endrin sample: natural-abundance carbon-13 Fou-

ner transform nmr spectrum with off-resonance decoupling at
36° and 25.2 MHz of chloroform-d solution (0.8 M and 3000
scans); deuterium lock, spectral offset 32,205 Hz; (B) dieldrin
sample, otherwise same as for spectrum A.

constants (Jo.g in undecoupled spectra), and changes in
13C chemical shifts induced by the addition of a paramag-
netic chemical-shift reagent. By systematically increasing
the concentration of chemical-shift reagent, one can si-
multaneously observe both the changes in magnitudes of
the paramagnetically induced chemical shifts as well as
the preferential reduction of Overhauser enhancements of
each carbon atom peak in the 13C nmr spectrum. This
technique alone provides not only structural information
about the molecule but also considerable information
about the position of attachment of the shift reagent rela-
tive to the molecule under investigation.

Figures 1A and 1B show the off-resonance decoupled
13C nmr spectra of endrin and dieldrin. Each spectrum
consists of three low-field singlets of low intensity that
arise from carbon atoms in the chlorinated portion of the
molecules (see I). The high-field peaks (Figures 1A and
1B), from left to right, are attributed to the protonated
carbon atoms 2 and 7, 4 and 5, 3 and 6, and 12, and show
spin multiplicities of 2, 2, 2, and 3, respectively, arising
from their respective proton couplings. The 13C spectrum
of C-12 appears as a triplet resulting from spin coupling to
two protons. This multiplicity clearly establishes the reso-
nant position for C-12. The first-order 13C-1H coupling
constants, obtained from undecoupled spectra, for C-2, -3,
-8, -7, and -12 are all approximately equal (Jo.gy = 145 %
5 Hz). Carbons-4 and -5, however, contain a considerable
amount of sp? character (as a result of the epoxide link-
age) and exhibit a larger coupling constant, Jo_y = 190
Hz. Thus, the resonant position for C-4 and -5 is indicat-
ed.

Figures 2A and 2B show the 13C nmr spectra of endrin
and dieldrin with complete proton decoupling. C-2-C-7
(and C-12, high field) are clearly distinguished from the
resonances of the chlorinated carbon atoms (C-1 and C-
8-C-11, low field} by virtue of Overhauser enhancements.
Some enhancement, however, might be expected for C-1
and -8 (chlorinated carbons) by virtue of its proximity to
protonated carbon atoms, C-2 and -7, and in fact, is ob-
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Figure 2. (A) Endrin sample: same as Figure 1A but with broad-
band proton decoupling (offset 45,545 Hz); (B) dieldrin sample,
otherwise same as spectrum A.

served. The resonant position for C-1 and -8 may further
be distinguished from C-9 and -10 and C-11 by chemical
shifts and peak intensities. C-9 and -10 are expected to re-
sonate at a lower field position than either C-1 and C-8 or
C-11 due to paramagnetic screening effects (as discussed
by Ramsey (1950)) imposed by the carbon-carbon double
bond (see I) and is so assigned. The intensity of the C-11
resonance is expected to be considerably less than those of
either C-1 and -8 or C-9 and -10 by virtue of symmetry
(one carbon atom for C-11 and two carbon atoms for each
of the other pairs) as well as a sharpened resonance line
which results from an increased relaxation time of the
carbon atom by virtue of an additional attached chlorine
atom.

To confirm the above assignments and to establish reso-
nant positions for C-3 and C-6 and C-2 and C-7, the para-
magnetic chemical-shift reagent tris(1,1,1,2,2,3,3-hep-
tafluoro-7,7-dimethyl-4,6-octanedionato)europium(III),
Eu(fod)s, was employed. This shift reagent has been
shown by Rondeau and Sievers (1971) to associate with
lone pairs of electrons on oxygen atoms and to induce
large chemical shifts of peak positions in proton magnetic
resonance spectra. These shifts have been described as
being pseudocontact in nature by Eaton (1965) and Birn-
baumand and Moeller (1969) and, therefore, should create
greater shifts for those substituents closest to the epoxide
oxygen of either the endrin or dieldrin molecule. The
magnitudes of these chemically induced shifts are a func-
tion of the interatomic distances from the paramagnetic
europium nucleus (associated with the epoxide oxygen) to
each carbon atom. This effect has been shown to be oper-
ative in the 13C nmr spectrum of cholesterol by Smith
and Davenport (1972).

Figures 3A and 3B show that the greatest shift in the
13C resonance positions for endrin and dieldrin, upon the
addition of Eu(fod)s, occurred for C-4 and -5 as expected.

J. Agr. Food Chem., Vol. 22, No. 3, 1974 543



COMMUNICATIONS

Table I. Relative Chemical Shifts (ppm) and Loss of
NOE: for Endrin and Dieldrin

Endrin Dieldrin
Chem Loss of Chem Loss of

Carbons shift? NOE:- shift NOE
4 and 5 22 .4 7.8 26.9 10.

3 and 6 8.0 5.5 6.8 3.1
2and 7 3.8 1.2 3.5 2.2
12 7.2 1.6 7.6 4.0
1 and 8 3.2 1.0 1.8 1.0
9 and 10 3.2 2.4

11 1.6 1.1

¢ Samples were made up at 0.8 M in pesticide and 0.344 M
in Eu(fod);. * Chemical shifts are measured in change of
chemical shift relative to the original chemical shift. ¢ Rela-
tive integrated intensity loss, in arbitrary units, all + 1.5.

The order of decreasing chemical shifts was found to be:
(for endrin) C-4 and -5 > C-3 and -6 > C-12 > C-2 and -7
> C-9 and -10 ~ C-1 and -8 > C-11; (for dieldrin) C-4
and -5 > C-3 and -6 ~ C-12 > C-2and -7 > C-1 and -8 ~
C-9 and -10 > C-11. This establishes the resonant posi-
tions for C-3 and -6 and C-2 and -7 as well as confirming
all of our previous assignments. The original chemical
shifts for all carbon atoms (Figures 2A and 2B) are: (for
endrin) C-4 and -5, 47.2; C-3 and -6, 39.5; C-12, 30.1; C-2
and -7, 54.8; C-1 and -8, 79.5; C-9 and -10, 133; and C-11,
107 ppm; (for dieldrin) C-4 and -5, 50.9; C-3 and -6, 37.0;
C-12, 19.8; C-2 and -7, 53.2; C-1 and -8, 80.2; C-9 and -10,
131; C-11, 105 ppm (all vs. Me4Si standard).

It is noteworthy that the sequence of decreasing chemi-
cal shifts is the same as that found for the decrease in
NOE (for protonated carbon atoms). Upon successive ad-
ditions of Eu(fod); the 23C resonances for the carbon
atoms closest to the epoxide suffered the greatest loss in
NOE while those farthest away showed very little intensi-
ty change (see Table I). The effect of NOE suppression,
we feel, will prove to be useful in other structural elucida-
tions.

A comparison of the data obtained for the two com-
pounds, endrin and dieldrin, given in Table I, reveals im-
portant and quite unexpected information concerning the
apparent point of attachment of the chemical-shift re-
agent to these substrate molecules. For endrin, C-3 and -6
are shifted further downfield than is C-12, while in diel-
drin, C-12 is shifted further downfield than are C-3 and
-6. The portion of each molecule including C-4 and -5, -3
and -6, and -12 has the same conformation (see I). There-
fore, the only fact that can account for this reversal in the
magnitudes of chemical shift for these corresponding car-
bon atoms is the position of the chemical-shift reagent.
Structure II shows the placement of the chemical-shift re-
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Figure 3. {(A) Endrin sample: same as Figure 2A but with 0.344
M Eu(fod); added; (B) dieldrin sample, otherwise same as
spectrum A,

agent in relation to the part of each molecule to the left of
the dashed line. The circle encompasses the area of maxi-
mum probability for the location of chemical-shift re-
agent. To the right of the dashed line the two molecules
differ in conformation. The data from Table I show that
for endrin C-9 and -10 are shifted the same amount as are
C-1 and -8. In dieldrin, C-9 and -10 are shifted further
downfield than are C-1 and -8. The complete structure of
both molecules has been previously assigned (by Keith
(1971)). From these data we are able to justify the previ-
ous assignment of the position of the chemical-shift re-
agent. It is interesting to note that the position of the
chemical-shift reagent appears to be somehow affected by
the position of the double bond. Such an effect has not
previously been noted.

All of the above data are consistent with the structures
given previously for the portions of the molecules contain-
ing protons (Keith (1971)) and clearly establish the chlori-
nated portion of the molecules as given in I. Any other
molecular geometry would produce a different sequence of
paramagnetically induced resonant shifts and Overhauser
enhancement changes. The 13C nmr techniques and
chemical-shift data reported here may well be useful in
13C investigations of other polychlorinated pesticide deriv-
atives for either mechanistic purposes or structural stud-
les.
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Comparisons of thermal gelation curves for un-
treated pig-skin tropocollagen with identical
samples treated with either pepsin, trypsin, chy-
motrypsin, or elastase were made. In general, the
enzyme treatments altered the shape of the ther-

mal gelation curves by increasing the lag phase
and the time required for maximum gelation.
However, each of the enzymes affected gelation
differently, indicating that cleavage of the tropo-
collagen molecule occurred at different sites.

Tristram et al. (1965) have studied the effects of ther-
mal denaturation upon soluble calf-skin collagen. Rubin
et al. (1965), Drake et al. (1966), and Kihn et al. (1966)
have shown that proteolytic enzyme treatments alter the
aggregation properties and the a- and §-component ratios
of calf-skin tropocollagen. Crevasse et al. (1969) working
in our laboratory verified the effects of proteolytic en-
zymes upon thermal gelation of calf-skin collagen. They
demonstrated that prevention of thermal gelation was
greater in the case of elastase followed in order by chymo-
trypsin, trypsin, and pepsin treatments. Since no infor-
mation is available on thermal gelation of pig-skin tropo-
collagen, the present study was undertaken to investigate
its thermal gelation properties as altered by treatment
with trypsin, pepsin, chymotrypsin, and elastase.

MATERIALS AND METHODS

Acid-soluble pig skin was extracted and purified accord-
ing to a modification of the procedure utilized in prepara-
tion of calf-skin collagen by Rubin et al. (1965) as modi-
fied by Crevasse et al (1969) with the following excep-
tions: (1) the precipitate of acid-soluble collagen (fraction
2-A) was redissolved and reprecipitated seven times; (3)
the KCI precipitate (fraction 2-B) from the supernatant of
the acid-soluble collagen preparation was redissolved and
centrifuged for long periods of time and then reprecipitat-
ed against 2% NaCl. The precipitate was redissolved in
0.05% acetic acid and centrifuged at 25,000g for 24 hr.
This was repeated several times, but the supernatant still
remained slightly cloudy. After dialysis against 2% NaCl,
the sample was frozen and stored.

Enzymatic reactions with pepsin, trypsin, chymotryp-
sin, and elastase were carried out as outlined by Crevasse
et al. (1969), except that the substrate concentration was
5.8 mg/ml. Furthermore, the protein was not lyophilized
after precipitation, but instead was dialyzed free of salts
against distilled water and stored at 4°. Before analysis,
the samples were dialyzed against 0.05% acetic acid. Ni-
trogen determinations were made by the micro-Kjeldahl
procedure (Crevasse et al., 1969) and hydroxyproline anal-
ysis by the method of Woessner (1961).

Short- and long-term thermal gelation was monitored at

230 nm in a Beckman DU-2 monochronometer using a
Gilford automatic cuvette positioner and an absorbance
converter connected to a recorder as described in more de-
tail by Crevasse (1967).

RESULTS AND DISCUSSION

Figure 1 shows thermal gelation curves for untreated
acid-soluble pig-skin collagen and samples after treatment
with pepsin, trypsin, chymotrypsin, and elastase. The un-
treated sample and the pepsin-treated sample showed
similar maximum gelation values. However, untreated
collagen had a very short lag phase and maximum gela-
tion had occurred within 10 min. Although pepsin-treated
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Figure 1. Thermal gelation curves for enzyme-treated and solu-
ble pig-skin collagen. Thermal gelation was at 33° using 0.1 M
phosphate buffer at pH 7.4: (sc) untreated pig-skin collagen;
(p) pepsin treated; (t) trypsin treated; (e) elastase treated; (c)
chymotrypsin treated.
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