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chicken tissues, eggs, and manure is reported in Table I,
and that from milk and cattle tissues is reported in Table
II. Figure 1 shows a recovery from 20 g of beef fat fortified
with 0.1 ug of chlorfenvinphos. The final volume was 5 ml
and 10 ul was injected into the chromatograph. Figure 2
shows a recovery from 20 g of chicken liver fortified with
0.5 ug of chlorfenvinphos. Final volume and injection were
the same as for beef fat. As Figure 1 shows, this chroma-
tograph did not have a switching valve to vent the sol-
vent, and the detector was slightly more sensitive but also
less stable than the detector in Figure 2.

Sensitivity. With the input attenuator at 103, the out-
put attenuator at 16, and the bucking range at 10-8, 0.2
ng of chlorfenvinphos in 10 ul of hexane gave a recorder
response of about 25% FSD. The control samples showed
no peaks at the retention time for chlorfenvinphos. At the
conditions described, 0.04 ng was readily detected and
gave a response of about 5% FSD. With the sample sizes

and dilutions used, 0.001 ppm of chlorfenvinphos can be
detected in the body tissues and manure and 0.002 ppm
can be detected in milk. No effort was made to determine
whether other phosphorous-containing compounds would
interfere.
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Photochemical Decomposition of Heptachlor Epoxide

Robert E. Graham,* K. Ray Burson,? Charles F. Hammer,2 Lydell B. Hansen, and Charles T. Kenner?

The progressive decomposition of solid hepta-
chlor epoxide (I) in KBr disks is followed by a
study of the changes which occur in the infrared
spectrum with time of exposure to ultraviolet ra-
diation and sunlight. The products obtained by
photodecomposition in KBr disks are identical to
those obtained by exposure of solid I to sunlight
and ultraviolet radiation and include a semicage
ketone and an intermediate which may be con-
verted to an enantiomeric semicage ketone. The
mechanism proposed accounts for the intermedi-

ate and final products and is based upon struc-
ture determinations by infrared, nuclear magnet-
ic resonance, mass spectrometry, and ultraviolet
absorption. A study of the factors which affect
the rate and extent of decomposition in the KBr
solid state technique shows that the time of ex-
posure can be controlled to produce a maximum
yield of intermediate or final products. The
amount of decomposition in any given sample is
calculated by the absorbance ratio technique.

Heptachlor epoxide (I) is a metabolic as well as envi-
ronmental oxidation product of heptachlor (Davidow and
Radomski, 1953; Davidow et al., 1953; Lichtenstein and
Schulz, 1965; Lichtenstein et al., 1970; Weatherholz et al,,
1967).

The metabolic and environmental decomposition prod-
ucts of all pesticides are important, since the toxicity of
certain derivatives of polycyclic pesticides has been found
to be greater than that of the original compound (Rosen
and Sutherland, 1967; Rosen et al., 1969). The IUPAC
Commission on terminal pesticide residues makes an an-
nual report (Egan, 1967, 1968, 1969; Hill, 1970, 1971) on
this subject.

The decomposition of I has not been studied extensive-
ly. Mitchell (1961) decomposed microgram amounts of I
with ultraviolet light and detected two decomposition
products by paper chromatography. Banks and Bills
(1968) used gas chromatography to show that I in hexane
is degraded by ultraviolet light to give two compounds.
Glotfelty (1972) irradiated solid I with ultraviolet light
and used the resulting glc pattern for identification. None
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of these investigators identified the products nor elucidat-
ed their structure. Fischler and Korte (1969) suggested a
semicage structure for an isomeric photochemical deriva-
tive of I made by irradiation of I in acetone by ultraviolet
light of 2564 nm wavelength and Benson et al. (1971), in a
report on chlordane photoalteration products, also sug-
gested two possible structures. A recent article by Ivie et
al. (1972) proposed a structure for a I intermediate pho-
toisomer which is identical to the one (III) reported in this
paper, Cochrane, in 1969, reported that basic reagents
caused I to rearrange to an allylic alcohol isomer, the
structure of which was elucidated by determination of the
products formed by chlorination and oxidation.

This paper reports an investigation of the techniques of
irradiation of solids in KBr disks and the decomposition
of I by ultraviolet irradiation and by sunlight using this
technique. The main derivatives are isomeric and consist
of a semicage ketone and an intermediate ketone which,
upon further ultraviolet irradiation, may be converted to a
different semicage ketone. The photochemical degradation
of I in a KBr disk is followed by a study of changes that
occur in a series of infrared spectra related to time of irra-
diation with ultraviolet or sunlight. The residues obtained
from sun-induced degradation and those obtained from
the use of ultraviolet light are shown to be identical.

The structures of the derivatives shown in Figure 1 were
determined by interpretation of spectra obtained from ul-
traviolet, infrared, mass spectrometry, and nuclear mag-
netic resonance instrumentation.



Chemical Abstracts and von Baeyer names for the
structures shown in Figure 1 are listed below. The first is
the preferred Chemical Abstracts name for the collective
index period just concluded (1967-1971) and is in line
with the nomenclature rules of the IUPAC. The second
name is the Chemical Abstracts index name for the pres-
ent collective index period (1972-1976). The third one is
the correct von Baeyer name, which is also acceptable ac-
cording to the TUPAC rules. I. 1967-1971, 1,4,5,6,7,8,8-
heptachloro-2,3-epoxy-3a,4,7,7a-tetrahydro-4,7-methanoin-
dan; 1972-1976, 2,3.4,5,6,7,7-heptachloro-1a,1b,5,-
5a,6,6a-hexahydro-2,5-methano-2H-inden0[1,2b]oxirene;
von Baever, 1,3,7,8,9,10,10-heptachloro-4,5-epoxytricyclo-
[6.2.1.02.6]dec-8-ene. II: 1967-1971 and 1972-1976,
1,5,6,6,6a,7,8-heptachlorohexahydro-1,5:2,4-dimethano-
pentalen-3(2H)-one; von Baeyer, 1,3,7,8,9,10,10-hepta-
chlorotetracyclo[5.2.1.02:6.0%-8]decan-5-one. III: 1967-1971,
3,4,5,6,7,8,8-heptachloro-3a,4,5,6,7,7a-hexahydro-4,7-meth-
anoinden-1-one; 1972-1976, 3,4,5,6,7,8,8-heptachloro-3a,-
4,5,6,7,7a-hexahydro-4,7-methano-1H-inden-1-one; von
Baeyer, 1,5,7,8,9,10,10-heptachlorotricyclo[5.2.1.0%-6]dec-4-
en-3-one. IV: 1967-1971 and 1972-1976, 2,3,3,3a,4,6,8-hep-
tachlorooctahydro-1,5:2,4-dimethanopentalen-7-one;  von
Baeyer, 1,5,7,8,9,10,10-heptachlorotetracyclo[5.2.1.026-
.0%.8]-decan-3-one.

In the following discussion, the numbers used to desig-
nate positions of carbons and hydrogens in any molecule
are those shown in Figure 1, which follow the von Baeyer
system.

EXPERIMENTAL SECTION

Apparatus and Reagents. A Perkin-Elmer Model 337
infrared spectrophotometer equipped with a Perkin-Elmer
ir beam condenser for use with 1.5-mm KBr disks was
used. A Hitachi Perkin-Elmer RMS-4 mass spectrometer
equipped with a direct probe inlet at the source and a
Honeywell Model 1508A oscillographic recorder were used.
Both a Varian HR 220-MHz instrument and a Jeol PS-
100, 100-MHz nuclear magnetic resonance instrument
were used. A Barber Colman Model 5000 gas chromato-
graph equipped with a flame ionization detector and a
4-mm by 4-ft glass column of 8% SE-33 on 100/120 mesh
Chrom Q were utilized. The carrier gas was nitrogen at 45
ml/min. The column temperature used was 220°, with the
injector and detector temperatures at 240°. A high purity
(99.3%) 1 standard was obtained from the Food and Drug
Administration, Pesticide Division, Washington, D. C., in
July of 1963. All solvents were ACS or distilled in glass
grade.

PROCEDURES

Irradiation Conditions. Unless otherwise specified, all
KBr disks were 0.5% w/w (1.00 mg of I in 200 mg of KBr)
and were irradiated with 254 nm radiation at a distance of 4
in. from the uv lamp on aluminum foil. The disks were in-
verted after each exposure so that opposite sides were ex-
posed alternately. In some studies, the disks were fixed in
position on holders in such a manner that either side could
be exposed and the holders were inverted after each irradia-
tion period. In most cases, infrared spectra were determined
immediately after exposure.

Study of Disk Orientation. A disk which had been ir-
radiated for 200 hr was marked and successive infrared
spectra were determined after rotating the disk 90° be-
tween scans. The absorbances of several wavelength bands
in the four positions were compared to determine the ho-
mogeneity of the disk and the effect of the position of the
disk in its support.

Shielding Effect Studies. Three KBr disks of I were
exposed simultaneously for various periods of time, with
one being covered by a blank KBr disk, a second being
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Figure 1. Structures of [-IV.

covered with a 1% disk of I, and the third being uncov-
ered.

Effect of Elevated Temperatures on Degradation.
KBr disks of I were held at elevated temperatures for ex-
tended lengths of time and checked periodically by in-
frared spectroscopy. A 0.3% disk of III in KBr was heated
for extended periods at successively higher temperatures.

Study of the Effect of the Physical Condition of I dur-
ing Exposure. A disk of I in KBr, a compressed disk of
200 mg of pure I, and a sample of powdered I were sealed
in separate quartz tubes and irradiated for various periods
of time: 19 hr for the KBr disk; 23 hr for the I disk; and
84 hr for the powder sample.

Sun-Induced Degradation. A second series of similar
samples of I in KBr, compressed I, and 1 powder were
sealed in quartz tubes and exposed continuously over alu-
minum foil for 121 hr during July of 1970 on the roof of a
building in a position which was not shaded during any
portion of the day. A second powder sample of I was ex-
posed under the same conditions for 23 days during Au-
gust of 1970. A third powder sample of I was exposed con-
tinuously from Dec 31, 1969, to Sept 10, 1970, with por-
tions being removed periodically after thorough mixing for
infrared spectra determination.

Ultraviolet Light-Induced Decomposition. A 0.35% w/w
I KBr disk was fixed in position on a holder and irradiated
for various consecutive time intervals, with the infrared
spectrum being determined after each exposure. Intervals
used were 1 hr for the first 20 hr, 2 hr for the next 20 hr, 4
hr for the next 40 hr, and longer nonuniform intervals for
the next 72 hr. The disk was stored in a desiccator in the
dark between exposures. After extended storage (overnight
or over weekend), the infrared pattern was rerun before
starting the next irradiation period. No change was noted
during any storage period. These data were used as the
basis of the proposed method to determine the extent of
decomposition in I standards by the absorbance ratio
technique {Graham and Kenner, 1969).

Proposed Method for Determination of the Extent of
Decomposition in I Standards. Prepare an approximate-
ly 0.5% disk of I in KBr and run the infrared spectrum.
Measure the net absorbances at 1600 and 1775 cm~1 using
a straight line drawn from the curve at 1350 cm-1! to the
curve at 1900 cm~-1 as a common baseline. Divide the net
absorbance at 1600 ¢cm~—1 by the net absorbance at 1775
cm~-1 to obtain the absorbance ratio. Read the per cent
undecomposed I from a graph of absorbance ratio vs. per
cent undecomposed sample, obtained by plotting the data
in the ultraviolet-induced decomposition study in Table I.
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Table I. Absorbance Ratios and Per Cent of Undecomposed |

Absorbance ratio

undecon?jposed I Al600 cm-1/Al775cm—t A690cm —1/Al775cm -1
100 124.7 97.7
99.9 96.5 75.5
99.5 50.5 39.6
99.0 31.6 24.7
98.5 22.9 17.9
98.0 17.9 14.0
97.0 12.5 9.72
9.0 9.49 7.41
94.0 6.37 4.97
92.0 4.75 3.70
90.0 3.75 2.92
88.0 3.08 2.39
86.0 2.60 2.01
84.0 2.23 1.72
80.0 1.71 1.32
60.0 0.667 0.498
40.0 0.314 0.222
20.0 0.137 0.0834
10.0 0.0775 0.0371
5.0 0.0526 0.0176
0 0.0302 0

If desired, the data for the absorption at 690 cm~-1 or
other wave numbers may be substituted for the 1600 cm—1
data.

Gas-Liquid Chromatography, Quantitation, and
Trapping Procedures. In all gas-liquid chromatographic
quantitation and trapping procedures, the KBr disks con-
taining the decomposition products were ground, placed
in an 8-mm chromatographic column, and eluted with
chloroform, the chloroform was evaporated and the resi-
due weighed. For quantitation, the residue was dissolved
in sufficient chloroform to give a concentration of approxi-
mately 1 mg/ml and analyzed by gas chromatography,
using heptachlor as an internal standard. For trapping
procedures, the residue was dissolved in the smallest fea-
sible amount of chloroform and the separated products
were trapped sequentially in melting point tubes attached
to a heated exit port of the gas chromatograph by repeat-
ed injections of small aliquots. Samples of each decompo-
sition product were also trapped in melting point tubes
which contained powdered KBr. After trapping, the KBr
was extruded to allow preparation of micro (1.5-mm di-
ameter) disks which were scanned to obtain the infrared
spectrum of each individual product.

Preparation of Samples for Structure Studies. Indi-
vidual samples of II and III were obtained by irradiation
of 50 KBr disks of I for 10 hr, or until the optimum
amount of III was present. The disks were ground, ex-
tracted, chromatographed, and trapped by the usual pro-
cedure. A pure sample of IV was prepared by irradiation
of portions of III obtained from the irradiation of I. In this
procedure III was dissolved in chloroform which was
evaporated in the presence of KBr to allow preparation of
disks. Infrared spectra were made and the disks irradiated
for six 5-min intervals, four 10-min intervals, and then for
longer but varying intervals for 255 min, to make a total
of 325 min of irradiation, at which time the conversion to
IV was complete, as shown by the infrared spectra made
after each irradiation period. The disks were ground,
mixed, placed in an 8-mm column, eluted with chloro-
form, and the chloroform was evaporated.

A relatively larger sample of II needed for nmr studies
was prepared by simultaneous irradiation of 120 KBr
disks of I for 81 hr or until the infrared spectrum indicat-
ed that essentially no I or III was present. The disks were
ground, placed in an 8-mm column, eluted with chloro-
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form, and the chloroform was evaporated. The resulting
brown residue was extracted with successive small vol-
umes of chloroform which dissolved only a portion of the
material. The infrared spectrum of the compound ob-
tained by the evaporation of these combined extracts
showed no peaks attributable toIV.

Structure Studies. Ultraviolet. Samples of I-III were
dissolved in either methanol or chloroform and scanned in
the ultraviolet region. Molar absorptivity values were cal-
culated.

Mass Spectrometry. Individual solid samples of I-IV
were placed in the capillary cup of the direct probe inlet
assembly and inserted into a heatable chamber very near
the ion source. The temperature of the sample was gradu-
ally increased, while monitoring the ion current produced
as the sample vaporized. In each case, the spectrum was
recorded at 70 eV when the ion current was at its maxi-
mum.

Nuclear Magnetic Resonance. The nmr spectra of I-III
were obtained against tetramethylsilane on a 220-MHz
spectrometer using CDCl;, CCly, CeDg, and 40:60
CeD6:C3DeO as solvents. The nuclear Overhauser effect
experiment and very high resolution spectra were ob-
tained from a 100-MHz spectrometer.

RESULTS AND DISCUSSION

Since the use of infrared spectra to follow the course of
changes caused by irradiation and/or temperature on solid
substances in KBr disks has not been studied extensively,
several parameters were investigated to determine the
most effective method of irradiation. Because the beam in
the Perkin-Elmer Model 337 infrared spectrophotometer
does not pass through the center of the disk, slight inho-
mogeneities in thickness or distribution of the radiation
sensitive material can cause variations in the measured
absorbance of individual peaks. In a test of a disk which
has been irradiated until no further change was apparent
in the spectra, rotation of the disk by 90° caused as much
as a 7% change in the absorbance of key bands. As a con-
sequence, the disk must be fixed in position in the holder
so that the same portion of the disk is scanned each time
the infrared spectrum is run. This is especially necessary
when spectra are to be determined after each irradiation
to follow a given decomposition by the absorbance ratio
method which compares simultaneous changes in two ab-
sorption bands.

The effect of decreasing the intensity of radiation by
shielding the exposed disk with other disks shows that the
uncovered disk decomposes at approximately ten times
the rate of a disk covered with a blank KBr disk and ap-
proximately 140 times the rate of a disk covered with a
KBr disk containing 1% of I.

There is no evidence of decomposition of I due to ele-
vated temperatures even though one disk was held at 35°
for a period of 322 days and other disks were held at 120°
for 197 hr. The heat stability of III is shown by the fact
that the infrared spectrum of a disk of III which was heat-
ed for various times at various temperatures, beginning
with 35° for 29 days and ending with 105° for 8 days,
showed no apparent change.

The physical condition of the solid has an effect upon
the rate of light-induced decomposition whether the ra-
diation is by ultraviolet lamp or by sunlight. A 0.5% disk
of I in KBr decomposes more rapidly than a disk of pure [
which, in turn, decomposes more rapidly than powdered 1.
The results of continuous periods of exposure of these
three types of samples are shown in Table II. The extent
of decomposition was calculated by the absorbance ratio
technique. This study also indicates that 121 hr of contin-
uous exposure during a sunshiny period in July of 1970
was not as effective in KBr disks as 20 hr of exposure to
uv light in the Chromato-Vue, but that exposure of the



Table Il. Effect of Physical Condition of Sample on Rate
of Decomposition

Irradiation by

Qutdoor exposure,

July 1970 254 nm uv
Unde- Hours Unde-
com- contin- com-
Hours posed | uous posed !
continuous remain- ex- re-
exposure ing posure maining
KBr disk 0.5% | 121 Zero® 20 90.6
Solid disk of | 121 92.8 23 99.5
Powdered HE 121 98.7 84 98.8
Powdered HE 557 40.7 N.D.? N.D.?

2 The infrared spectrum of the disk indicated that no | was
left undecomposed.? N.D., not determined.

powder during this same period for a little over 23 days
caused more than 50% decomposition.

Another sample of I powder was exposed on a roof con-
tinuously from Dec 31, 1969, through Sept 10, 1970, with
the results shown in Table III. The rate of decomposition
was almost negligible until May and then increased rapid-
ly through July. During July the rate of decomposition
was approximately 1% per day. These studies indicate
that I is decomposed by sunlight and ultraviolet radiation
and that the rate of decomposition when exposed to the
atmosphere is dependent upon the amount of sunshine
striking the sample and the physical condition of the sam-
ple.

In order to follow decomposition of irradiated or heated
samples, infrared spectra were run after each exposure
and compared to determine which bands were decreasing,
appearing, and/or increasing. Portions of the infrared
spectra of a KBr disk of I taken after stated intervals of
exposure to 254-nm ultraviolet radiation are shown in Fig-
ure 2. The absorbances of the bands at 1600, 1385, 1167,
908, 857, 690, and 674 cm~1! decrease continually during
exposure to a minimum and may be used to represent the
amount of undecomposed I remaining in the sample. The
absorbances of the new bands at 1775 and 1380 cm~1 con-
tinually increase to a maximum during exposure, and may
be used to represent the increasing amounts of II being
formed during decomposition. The bands at 1717 and 1577
cm~-1, which do not occur in the spectrum of I, increase
during the first portion of the radiation period and then
decrease to a minimum with extended exposure. These
bands represent the formation of III and its subsequent
conversion to IV. The 1745 ¢cm~-! band, which is due to
IV, does not appear until the 1717 cm~-1 band, due to III,
begins to decrease. A typical example of the variation of
absorbance with time of irradiation for certain of these
peaks is shown in Figure 3, and the baselines used to cal-
culate net absorbances are shown in Table IV. As shown
by the decreasing bands, the rate of decomposition is es-
sentially constant for the first 20 hr and then decreases
with increasing time of exposure. The I is apparently com-
pletely decomposed in 35 to 42 hr, since the absorbance of
the decreasing bands becomes constant after this exposure
time. However, the absorbance of the bands associated
with II continues to increase until it becomes constant at
approximately 65 hr exposure time. During the period
from 20 to 80 hr the absorbance of the bands due to III
decreases from the maximum at approximately 15 hr to a
minimum. Similar changes have been noted in several
different samples irradiated over various periods of time.
In every case, the first new band to appear upon radiation
was the carbonyl band of IIT at 1717 em—1, the second was
the carbonyl band of I at 1775 cm~1, and the third was
the double bond band due to III at 1577 cm~-1. The first
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Table i1, Sun-Induced Degradation of |

No of days of Rate of

continuous decomposition
exposure during period of
% | between exposure,
Date undecomposed ir scans % per day
12-31-69 100 0
(start)
1-8-70 99.8 8
5-15-70 93.1 127 0.053
6-8-70 91.1 24 0.083
7-8-70 88.5 30 0.087
7-21-70 78.0 13 0.81
7-31-70 68.0 10 1.00
8-10-70 66.0 10 0.20
9-10-70 61.0 51 0.098
(end)
Hours
T\( \( o}
"
z
3 \/\ 5
o
”
w
@
—
= W\/ W”
ul
=
S
x
%
2 W'/V \\\\/so
1L 1] J 1 | ! 11
RESR D 5 oy 3B N
EE8bm 2§ o & o
Figure 2. Infrared spectra of | after various periods of irradiation
by uv light.

band appeared in less than an hour, the second at about
one hour, and the third after approximately 2 hr of irra-
diation.

The data from Figure 3 were used to obtain the rela-
tionship between the absorbance ratios and extent of de-
composition shown in Table I and in Figure 4 by the ab-
sorbance ratio method (Graham and Kenner, 1969). An
expanded portion of the graph for the absorbance ratio
1600 cm-1:1775 cm~1! from 80 to 100% was used to deter-
mine the percentage of undecomposed I remaining after
any particular exposure in this study. The data from
Table I can be used to construct similar graphs which can
be used with the infrared spectrum from any infrared in-
strument to estimate decomposition in I standards or
samples, since use of the absorbance ratio between in-
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Figure 3. Variation of absorbance of ir bands with time of irradia-
tion by uv light.

(C.0F

)

o !

//

O} 0//7'
/o/,
e
a

N
/

ABSORBANCE RATIO

775 cm!
Ol
. 1600 cm™

[775 Cm!

i 1 ke 1 L

1 J. 1
20 40 60 80
PERCENT UNDECOMPOSED
HEPTACHLOR EPOXIDE

Figure 4. Variation of absorbance ratios with per cent undecom-
posed I.

828 J. Agr. Food Chem., Vol. 21, No. 5, 1873

Table IV. Base Lines Used for Absorbance Measurements

Draw base line

Absorbance peak, cm ! From, cm~—! To,cm-t

1775, 1600, 1577, 1385 1350 1900

1167 1150 1200
908 880 980
857 835 875
690, 674 650 750

INSTRUMENT RESPONSE

3 6 9 12 15

RETENTION TIME (MINUTES)
Figure 5. Glc spectrum of partially decomposed |.

frared bands in the same spectrum offsets instrumental,
concentration, and disk thickness variables (Graham and
Kenner, 1969).

The glc spectrum of a sample which contained 43%
undecomposed I is shown in Figure 5 as a typical chro-
matogram of partially decomposed I. The three main
peaks due to I, II, and III have relative retention times
(compared to I) of 1.00, 1.31, and 2.40, respectively. Three
minor peaks which were not identified have relative reten-
tion times of 0.52, 0.83, and 1.93 and account for approxi-
mately 2% of the total mass area. The peak due to II
probably contains IV, since both substances have identical
retention times on this column and on a polar column (4%
JXR). Prepared mixtures of II and IV also gave a single
peak on both columns.

The extent of decomposition in several samples was de-
termined by glc using heptachlor as an internal standard
and also by the infrared absorption ratio method. One of
the powder samples which had been exposed to sunlight
was found to average 19.2% decomposition by duplicate
gle runs and 17.5% by the absorbance ratio technique. An-
other powder sample which had been irradiated by uv
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Figure 6. Infrared spectra of |-1V.

averaged 8.3% decomposition by duplicate glc runs and
6.0% by the absorbance ratio method. These results are
typical of many samples which were analyzed and illus-
trate the satisfactory agreement between the two meth-
ods.

The infrared spectra of I and its decomposition products
which were trapped from the gas-liquid chromatographic
column are shown in Figure 6. The spectra of the products
obtained by ultraviolet irradiation are identical to the
spectra of those obtained by exposure to sunlight and the
spectrum of the unconverted trapped I is identical to that
of the original I. Trapped II was a white crystalline solid,
while trapped III appeared to be a liquid which later crys-

L L | I i
1000 800 600
(Cm™)

tallized as a solid with a refractive index approximately
that of the glass melting point tube.

The conversion of III to IV by irradiation after separa-
tion of III by glc trapping from the other decomposition
products was monitored by following the decreasing ab-
sorbance of the bands at 1570 and 1700 cm~1, which rep-
resent the decreasing amount of III, and the increasing
absorbance of the bands at 611 and 1745 cm-1, which rep-
resent the increasing amount of IV. The variation of the
absorbance of these bands with time of irradiation is
shown in Figure 7. Approximately 60% of the original
weight of III was recovered as IV. There was no indication
in the infrared spectrum that any II was formed when III
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Figure 7. Variation of absorbance of ir bands of |li being con-
verted to |V with time of irradiation by uv light.

was converted to IV. The ultraviolet spectrum of III in
methanol shows a strong absorption band at 234.5 nm,
which has a molar absorptivity of 4700. This wavelength is
correct for a double bond which is in conjugation with a
carbonyl in a cyclopentene ring (Cochrane, 1969; Silver-
stein and Bassler, 1967). II in chloroform shows an ultra-
violet absorption band at 297 nm with a molar absorptivi-
ty of 24, which is characteristic of an n — 7* transition for
an isolated carbonyl.

The infrared spectra furnish information concerning se-
quential molecular structural changes with time of irra-
diation and also give some indication of the structural
characteristics of the decomposition products of I. There
is only one oxygen atom in I but two carbonyl groups are
indicated by the bands at 1775 and 1717 cm~-1, which
appear in the composite spectrum of partially decomposed
I. As a consequence, at least two decomposition products
of I are present in the partially decomposed sample.

The absorption band at 1775 ¢cm~1 in the spectrum of
II, which is used in this study to follow the formation of
II, is the result of a strained carbonyl (Nakanishi, 1964).
The strain is probably caused by the carbonyl being incor-
porated into two fused five-membered rings, which indi-
cates semicage structure II. Also the general appearance
of the fingerprint region of the spectrum with many nar-
row sharp bands is like that of other semicage chlorinated
pesticides such as photodieldrin (Klein et al., 1970).

The infrared spectrum of III trapped from a gas-liquid
chromatograph shows a carbonyl absorption band at 1700
cm~! and a double bond absorption band at 1570 cm-?
which are almost equal in intensity. This is typical of an
“S” cis double bond which is located «,3 to a ketone
(Nakanishi, 1964). There is also a band at 1260 cm~—1 due
to a chlorine and a hydrogen on the same secondary car-
bon atom, as well as a carbon stretching and bending
band at 1081 cm~1 due to the -CC(=0)C- grouping (Silver-
stein and Bassler, 1967). The carbonyl band at 1700 cm-1
and the double bond band at 1570 cm 1 are related to each
other since both increase to a maximum and then decrease
with approximately the same difference in absorbance at
any given time of irradiation past optimum absorbance
until hoth disappear. The difference in absorbance of these
two lir:2s for a typical disk averages 0.065 absorbance units
for each milligram of I during the radiation period in which
the absorbance of these lines is decreasing.
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The absorption band at 1745 cm~-! in IV spectrum
shows a less strained carbonyl than the absorption band
at 1775 cm~-1 in II and indicates that the carbonyl may be
contained in a five-membered ring fused to a six-mem-
bered ring rather than the two fused five-membered rings
in II. There is a doublet at 1264 cm~1 and a peak at 1250
cm-1 in the spectrum of IV which are caused by a chlo-
rine and hydrogen atom on the same secondary carbon
atom.

The main differences between the spectrum of III and
the spectrum of IV formed by irradiation of pure III in-
clude the fact: that there is no double bond at 1570 cm—?
in the spectrum of IV; that the carbonyl band has a value
of 1745 em~1 in IV and 1700 cm 1 in III; that the peak at
1264 ¢m~1 which occurs in both spectra is twice as strong
in the spectrum of III as it is in the spectrum of IV; and
that the stretching and bending band at 1081 ¢cm~1 in III
spectrum appears at 1165 cm~1 in the IV spectrum. The
shift of the carbonyl and/or the stretching and bending
bands to higher wavelengths indicates that the increased
strain in the structure of IV may be caused by the loss of
conjugation due to the disappearance of the double bond.
The disappearance of the double bond band together with
the decreased intensity of absorption at 1264 cm~—? indi-
cates the formation of a bridge utilizing the double bond
and a secondary carbon to which both hydrogen and chlo-
rine are attached. All of these differences point to the for-
mation of semicage structure IV.

Infrared spectra of decomposition mixtures of I show the
carbonyl of IIT at 1717 cm~-? and the double bond at 1577
cm-1, whereas the spectrum of pure III shows the same
bands at 1700 and 1570 cm—1, respectively.

Mass Spectrometry. The mass spectra of I-IV are
shown in Figure 8. The spectrum of I has been published
(Damico et al, 1968) and is included here only to show
agreement and to allow direct comparison with the de-
composition products. The mass spectra show the four
compounds to be isomeric with a molecular weight of 386
and all having major peaks for the (M -~ Cl) ion. The
mass spectrum of each is different, with that of III being
the most complex. At least seven different fragmentation
routes can be outlined for the higher mass portion of this
spectrum. Both II and IV show a single major fragmenta-
tion route with the loss of a chlorine atom followed by a
CO fragment and then three molecules of HCl to give
major m/e peaks at 351, 323, 287, 251, and 215, respec-
tively. From m/e 386 down to 150 the fragmentation pat-
tern for IV is almost identical to that of II, except for
small changes in relative intensities. Below m/e 150 the
patterns differ significantly.

Nuclear Magnetic Resonance. The 220-MHz spectra of
I-III are shown in Figure 9. The chemical shifts and cou-
pling constants are given in Table V. Field decoupling was
performed where needed for proton identification.

The nmr spectrum of III shows that He and Hg are cou-
pled to each other (J = 8.4 Hz), with Hy being the most
deshielded. Hg is additionally coupled through the double
bond to Hy with J = 1.6 Hz. The chemical shift of Hy,
deshielded because of its location, is close to the value of
6.3 ppm reported for 1-keto-3-chlorochlordene (Cochrane,
1969). Hg is shielded less than Hg by the carbonyl, since it
is perpendicular to the carbonyl. This coupling (Js,es = 8.7
Hz) is consistent with a cis orientation of Hg,Hg but trans
cannot be completely ruled out. Since the nmr spectrum
elucidates the positions of the protons in the molecule,
the data obtained from uv, ir, and mass spectrometry can
be used to assign the structure shown in Figure 1.

The nmr spectrum of II is more complex and more diffi-
cult to interpret than that of IIl. Integration of the spec-
trum obtained in CgDg shows one proton at each of five
different chemical shifts. This spectrum indicates that Hg
is the most deshielded proton and is a singlet due to the
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Table V. Nmr Coupling Constants and Chemical Shifts for
| and its Photoisomers

Coupling

Proton Chemical
constant, Hz

no. shift, ppm? Description of peak

Iin CGDG
He 2.466 Doublet of doublets Jog = —2.24
H, 2.511 Quartet Js6 = +5.96
Ha 2.961 Doublet of doublet ofa  J;,s = +2.20
doublet of doublets
(ABMX system)
Hj 4.041 Doublet of doublets Jay = +2.57
Hq 4.405 Doublet Jy3 = +1.68
12,9 = +032
{1 in CeDe®
H. 3.686 Doublet Ji e = +8.4
Hs 4.114 Doublet of doublets Jgg=—1.6
H 4.437 Doublet I, = +8.7
Hs 4,469 Doublet Joo= +8.7
H, 6.472 Doublet Jig=—1.6
I'in CCl¢
H, 3.255 Doublet of doublets J30=+1.8
Hy H;  3.61-3.62 AB system 1o =<1.3
Hs 3.643 Doublet L= +7.5
H; 4.207 Doublet of doublets Jay=+2.8

« Relative to TMS. * Assumed signs of J's.

semicage structure and deshielding by the chlorine atom
on the same carbon. However, a high resolution spectrum
at 100 MHz showed the Hy peak to be a doublet (J =
+0.32 Hz). The splitting pattern for Hy, Hy, and Hg is
found on analysis to be due to long range and regular cou-
pling between them. Hp is split by He (J = +5.96 Hz), H;
(J = +1.88 Hz), Hy (J = +2.57 Hz), and Hg to give a 16-
line multiplet or a doublet of doublet of a doublet of dou-
blets located at 2.96 ppm. Hj is more deshielded and is
split by Hy (J = +2.20 Hz) and H; (J = +1.68 Hz) to give
a distorted triplet which appears at 4.04 ppm. Hg is the
most shielded of the protons and couples with Ho (J =
+5.96 Hz) and by long range coupling with Hy (J = —2.24
Hz) to yield the doublet of doublets observed at 2.466
ppm. Also the similar magnitudes of J24, Js6 and Jg 4
indicate that Hy4 is a quartet. The data obtained by using
average values for line frequencies obtained by analysis of
repetitive scans on the nmr using 250-Hz scale and a 250-
second sweep speed were analyzed and iterated with a
Laocoon III computer program. The curves were plotted
for all possible arrangements of signs of the coupling con-
stants for J2 4 and J4 6 for the four protons at Ha, Hy, He,
and Hj. The resulting bar graph, which is characteristic of
an ABMX system (where J2 9 was neglected), fits the ex-
perimental results for J4 ¢ = —2.3 Hz and J2 4 = +2.6 Hz.
This shows that the bridge side of the cage structure of II
has a —J long range coupling, while the open side has a
+J long range coupling.

The nmr spectrum of II was also run in CDCl;. The
chemical shifts of each proton compared with those in
Ce¢Dg are shown in Table VI. The large difference in
chemical shifts for the same protons in the two solvents
indicates that benzene is solvating the carbonyl of II. It
shows that He and Hy are closest to the benzene ring and
are shielded the most, while Hy and Hj, which are farther
away, are shielded less. Hg is not only farthest away, but
is also not directly over the benzene ring and is the least
shielded. The solvation effect is verified by comparison of
the chemical shifts produced by the addition of Dg ace-
tone to CgDg in a 60:40 ratio. The resulting chemical
shifts of the protons of II in this solvent (Table VI) are
closer to those found in CDClj; because of the competition
of the carbonyl of the Dg acetone for the CgDg. Note that
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Table VI. Chemical Shifts Due to Solvent Effect on Il

Chemical shifts

Solvent Hs Ha Hs He Ho
CDCLy 3.206 3.261 4.723 3.656 4.727
CsDe 2.466 2.511 4,041 2.961 4.405
A ppm 0.739 0.750 0.682 0.695 0.322

40% CsDs:60% C3Ds0 3.097 3.272 4.668 3.557 5.020

« Relative to TMS = 0.0 ppm. * Relative to benzene = 7.30
ppm; these values may differ by up to —0.6 ppm when com-
pared to TMS.

Hg is more shielded in the mixed solvent, thereby increas-
ing the separation of Hy and Hs.

The nuclear Overhauser effect experiment was run on II
in CgDg and found to be negative for Hg when Hs was ir-
radiated. In structure II, Hg and Hj are located only about
1.2 A apart and should exhibit an approximate 45% NOE
area increase if Hg is inside the cage. Since the effect was
found to be negative, the proton must be outside the cage
part of the molecule. Further evidence was provided by
the TH-FT spectra of II (on 4.6 mg). Decoupling of Ha
made Hy into a singlet, proving the exo to cage structure
of Hg of I (J2.9 = +.32 Hz which is a long range cou-
pling). In addition Hs became a doublet, Hy became a
triplet, and Hg became a small doublet (J = ~2 Hz), thus
proving all of the above relationships of H2 and confirm-
ing the structure of II. The fact that Hg is coupled to Ho
not only shows the outside cage relationship of Hg but also
shows that the bridge of II is located as shown. A detailed
analysis of the nmr spectra will be published separately.
This information plus that obtained by uv, mass spec-
trometry, and infrared spectroscopy shows the structure of
II to be that shown in Figure 1. The orientation of the hy-
drogen and chlorine atoms at Cg and Cs for II has not pre-
viously been suggested or determined.

A possible mechanism is shown in Figure 10. The for-
mation of IT vs. III probably is a competitive one based on
relative rates from a common intermediate. This may be a
w-stabilized radical resulting from either the loss of a hy-
drogen radical or preferably by an intermolecular hydro-
gen abstraction that occurs from a nearby I molecule in
the crystal. Path one shows the formation of structure II.
Path two shows the formation of III, which probably is
formed from those molecules that do not have a conve-
nient I molecule nearby for radical hydrogen abstraction
and so an intramolecular hydrogen transfers from Cs. Hg
in IIT is cis or trans to Hg, more likely cis from the cou-
pling constant. Upon further ultraviolet irradiation, III
proceeds through a =-stabilized diradical with the forma-
tion of structure IV. Path three, which results in the Cg
hydrogen being outside the cage, also appears to be possi-
ble but our work suggests that only II and III are formed
initially, with IV appearing with the loss of III. Work is
continuing to determine the absolute configuration of
molecules ITl and IV.

The KBr solid state technique for study of molecular
degradation is a useful tool which has been applied to the
study of thermal (Graham and Kenner, 1969) and ultravi-
olet induced isomerizations. Most of the resulting prod-
ucts as characterized by their infrared spectra have been
found to be the same as those derived in nature by heat or
light. A study of consecutive infrared spectra collected on
a time exposure basis helps to identify intermediates if
present and their relative stability to the exposure condi-
tions. Since all measurements are made on a captive sam-
ple in KBr, certain quantitative relationships as well as
rate studies can be made. The technique is versatile in
that decomposition can be controlled by time of exposure
to produce a maximum amount of intermediate or final
degradation product or products which can easily be re-
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Figure 10. Tentative mechanism.

covered from the KBr disk for thin-layer chromatography,
gas-liquid chromatography, infrared, ultraviolet, mass
spectrometry, or nuclear magnetic resonance as desired.
The technique is presently being applied to the investi-
gation of the decomposition of steroids in this laboratory.
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